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PREFACE
This text, and the Bureau <f Ships courses that uza 1%, re-
s

presents a substantial departure from the content of Eolia-
te

bilitv, Maintainability, and System Effectiveness texts and
courses currentliy available. The departure is necesgitated by
specific BuShips management and technicail needs, by signiticant

3
omissions in previously available material, and by the current
dynamic growth of the tecli.nlogy. Here are tho principal
cons iderations:

1. The point of view and language is for those who deal with
cortractors, as well as those in BuShips who must Josian
for the required reliability and maintalnabiiity.

2. The text fully recognizes the current limitations o1 the
"MTBF" approach, particularly for structaral compenents,
but alsc for many mechanical and elecstronic components.
However, it presents the other apprciches available for
quantitative treatment,

3. Qujite a few techniques that do not appear in government
- specifications, but which industry has found effective, are
presenced,

4. Emrihasis is placed on {a} contract managcment, anid (b)
methods to design for required reliability, rather than
just predict, "control" and measure
~ther courses.

¢ it as 1s common 1in

5. Reliability and maintainakility are treated towether wher-
ever they are loyically managed, designed, or analyzed
together.

6. While the text content includes more "system effectiveness”
rhan some courses by that name, it concentrates on just the
reliability and maintainability contributions to system
effectiveness, to avoid dilution.

7. Cost-effectiveness analysis approaches, to determine ccon-
omically-achievable reliability and meintainability, are
presented in some detail.

8. Shipbuilding and ships GFE and CFE examples are used wherever -
the information was obtainable, "and shipbuilding critigue -

obtained on all text.




Although the great majority of the technigques presented are well-
cstablished and proven, some are still controversial, and some
are =imply recommended on the basis of industry experience. This
iz o be expected of any fast-developing technology. In each

case the text words will usually indicate such status.

For BuShips top management courses, Chapters 1, 2, 24, 25, and
2% ave used, with a short condensation of Chapters 3 through 23.

#37 middle management the condensation is much deeper. For the
Techniecal Codes nearly all chapters are used in Z=tail.

In order to achieve the above obijectives several approaches have
been used. Some excellent contributions have been used directly
with litvle or no modification. Much material of significant
content has been rewritten in more communicative language. Abcut
a third or more of the material is original witn the authors.
BEuShipg code 609.2 and the author would indeed appreciate re-
celving any recommendations for improvement, corrections, or
criticisms of the text. It will have to be updated as the
technology moves ahead.
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Canapter 1

INTRODUCTION

To talk Reliability to the Buvreau of Ships might appear to Le
little like "ringing coals to New Castle". ‘he endurance of
the ships you have designed and were responsible for building is
raditional. 8nips are reliable, they respond to the demand when
reguired - get unaerway, nroceea and comolete an assignment and
return. The country i
vou have takean ... stoi

the Enterprise. These are:
in stay.nyg abreas

el

i

i

credit. Innovacions in shipbuilding
Nautilus, the CGeorge wWashington,
sre festimonial to your competency
technologizs.
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i. STATEMENT QOF THRE PROEBLEM

1.1 RELIABILITY OF EQUIPMENT

“hen why talk reliability? The reliakility we will be talking
about ‘s tnz reliabi. *y of eyuipment installed in your ships.
You'li recognire that scme of the equipment furnished by the
Bureau and caryvied in these shios does caus: +he operating forces
provlems. Breakdowns of macﬁwnery have always occurred. It was
aot, in the old days, too freguently to be acceptable. Today the
operating forces sav that the difficulty of maintenance is no
lunger acceptable.

The Commander In Chie:wPacific fleet recently said:

"The ever-increasing complexity »f shipboard egvipment
continnes to add to the already overextedded training
requirements. The acceptance of shipboard equipment
which exceeds the capabilities ~ Navy personnel to
maintain can only result in a loss of fleet readiness.”

The Commander In Chief-Atlantic ¥leet seccnded this:

"Our Fleet is bucomir o so saturated in complexity that I
have = mortal fear we may k> blindly sailing on a collision
course with something dreadful--like not bkeing able to take
the Fleet to s-a and fight!®

R. Adm. J. O. Cobb, Asst. Chief of Naval Personnel, (1) stated:
“the baying of onplex systems whicli gererate more and more

requirements for skilled reoeuple we do nct have, leuwds to an
ouvious conclusion, a lot of hardware goes begging for
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caintensnoe ant o Ldonot periorming too1ts design potential.  The
Navy must Civosutter from o this in the form of reduced
readiness stelv, 1f the trend cont/nuses, an inability
to carry ssion,

Yoo the equipment I'm talking about is largely
: clectronics. The new tecnnolegies are largely
made prssible by electronies.  Twenty vears ago the title RADAR
ssi1fied fr-m SLCRET. Twonty €ive years ago it wasn't
clopedl adegiately o place aboard ship. In the last
we have scen e ocard ship mush-
ck behind th ze to spacss filled
as, RADAR, SONAR, TAZAN,
dvanced to higher
eaction times.

shown in Figure 1-4. Of
of installed electric
trends for the same

1on toward Anti-Alrcraftt

h Anti-Aivcraft and Anti-
we

The trerd of tle advancing technology
1 T

<o m wward
hlqher power, gresator speed of rotation, n;:hwr tﬁmpﬁratures and

vy {more complexity in electronics,
nechanical arveas: has taken 1ts toll
"iuuity of maintenance and reducing

This is why Admlfal Schoech said
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n Movembeyr {7
“syster BEffectiveness, and its Jiscal corrollary cost effective-~
ness, constifute thoe mosk important single concern of military
R&D Management. '

1,12 SLLIABTLITY An A MANACIMENT PROBLEM

Obvicusly, woe can't go back to the good old days. The new

capabilitieos are necessary.  Our offort sust be to meet the
chhaliendge by learning vo doveilop systomg that meat the present

day reduivetnents Of dependabiliity, while stayving abreast of our
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fleets necds in specific performance.

In an attempt to reverse the ctrend towards higher costs and
reduced effestiveness--to get action started toward a major
improvement in reliability and maintainability of Weapons Systems
~--DCD Inztructions 3200.6 and 3200.9 have been issued. These and
s lot of other letters and memos have been written and speeches
made to —~resent the new view and emphasize the nced. The effort
hae centered on improving the management of development contracts.
Pressure has been applied and will be applied until the fleet

can live with the eguipment.

These new ground rules for R&D management have been compared by
Admiral Booth {4) to the negotiation of a contract between the
CNC and the Chief of Naval Material.

"The Chief ¢f Naval Operations, as the customer, is demanding
a materiel program which wisely invests the resource made
available %o the Navy.'

One major facet of the new rules is the "economic sar~tions"
applied. Sound planning for develcpment contrscts, including the
appropriate consideration of reliability and maintainability, is
a rrerecuisite for the auvthorization of funding. To meet the

new requirements will, for the Bureau, mean a new approach to
contracting. But first we'll discuss the old words in thei-

new meaning.

2. DEFINITIONS

2.1 RELIABILITY AND MAINTAINABILITY

The words Reliability and Maintainability will be used extensively,
so I would like to start with an intuitive definition. Relia-
bility is the per formance characteristic of equipment that reflects
its ability to operate satisfactorily long enough to complete its
assigned mission. It is an index of the excellence of the design
and of the operational integrity of a product. Higher reliability
means fewer breakdowns - longer periods of trouble free operation.
Maintainability is the performance characteristic that reflects
rapidity, ease and economy of maintenance and repair. Higher
maintainability means reduced requirements for skilled personnel,
less down time for equipment.

The engineering approach to design concerns itself with specific
functional per forrance. Will the equipment do what we want?
Reliability Engineering asks "How long?" Design Engineering
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starts with the assumption the equipment will work. Reliapnility
engineering starts with the assumption it will fail. Design for
per formance is concerned with how "effective" tne system is in
operation. Design for reliability is concerned with how long
the system can function without failure.

2.2 DESIGN BASIS OF RELJIABILITY

How are systems or equipments designed? There are actually very
few new parts in any design. In developing a new eguipment the
designer selects parts (bearings, linkages, seals, power supplies,
servos) that have been previously used, adapting them to his
requirements. Each ¢f these parts has some history of appli-
cations and some history of failures. Where failures occurred
the design was changed until a satisfactory design was achieved.
As a result of experiment, testing and trying new combinations,
empirical rules for the use of the part have been developed. The
designer of a new system uses these previously developed rules
with established analytical techniques to produce a usually

acceptable design. .

In a new design, the desiagner must make a certain number of trace-
offs or compromises. Usually several possible configurations are
studied, the advantages and disadvantages weighed and one finally
selected which, in the opinicn of the designer, bes* meets his
objectives. Within the specific performance requirements, two v
extremes of approach might be found. The conservative, or over-
design apprcach, emphasizes high reliability. Excess weight or

c st, even marginal performance, may be accepted to assurc
reliahle performance. (An example might be the reduction in
hydraulic working pressure on the periscope hoisting cylinders to
prevent use of excess pressure on the seals). The optimistic, or
per formance oriented approach, emphasizes development of specific
per formance beynnd the reguirement, «r low welght or cost (hoping
the reliability will be adequate). This approach represents a

pid for recognition, or the solution to a challenging problem.

Either approacn can lead to seri~as modifications after ihe equip-
ment 1is manufactured. The conservi:itive aprroach may incur changes
to "fix" overweight or poor performance problems. The optimistic
approach may redquire changes to "fix" reliability probklems.

But Admiral Schoech said in November,

"We can no longer afford the 'build one and try 1t' approach :
with a subsequent 'get well' effort to patch on reliability,
maintainability, etc."
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The intermediate approach, considering all the requirements for
reliability and performance in each decision is clearly better
than eithoer extreme. This approach requires some criteria,
ground rules or method of analysis for making decisions. To
establish such criteria or methoas we look back to traditional
design metnods.

Designers dJdesian from experience. They use knowledge gained

from their own and other people's experience to put together

an equipment tiit will work. They are familiar with the relation-
ship of couse and effect. In their experimentation and cbserving
the results of other peoples efforts they have classified some
contigurations as "good" - they work, and cthers as "poor” - they
don't. They have learned that properly conducted experiments

are repeatable because of the causc-effect relationship.

The design for a specified reliability can take the same approach.
Failures are repeatable. There is no such thina as a chance
failure. Every failure that cccurs is caused by the implacable
Apsratinn of vhveical laws. Wear ovoretroge and projressineg
deterioration are nhysical events caused by physical conditions.

A part used in a s,/stem is subjected to the operation of these
laws in a reasonably consictent way. It may be expected tn
survive on the average a fairly predictable length of time.

As parts were originally designed and developed, their rn~actions
to certain combinations of pressures, dimensions, loadings,
lubricanis were ovaluated. Certain combinations were found
usually successful, other combinations were rejected. This was
the source of the analytical design rules or criteria previously
mentioned.  But cach analytical technigue uses a go-no ao, good-
bas criteria. We can, and in a few instances have,determined,
how good or how bad. The life expectancy £or each part under a
particular set of conditions, and how such life expectancy varies
with changes in the conditions, can be established.

A system composed of these parts, each with 1ts own characteristic
li fo, =xhibits a characteristic "random” failure pattern. Random,
as uced here, describes a situation where nearly the same number
of tailures ococur in any twe equal periods of time.

Figur~o 1-10 portrays a system of several parts, each failing
(denoted by F) at its characteristic frequency. The system failure
fregquency 1s shown for two discrete equal periods of time.

we can thus establish a figure of werit, charact 'ristic of the
system, to evaluate reliability. Oresuch figure of merit we call
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! the Mean Time Botween Failures (MTBF), computed by dividing the
total operating time by tne number of fai. v os.

b Py

s

This tigure cri1t can be used to evaluate the design. It can
be predicted in the design stage, before production of equipment
starts. From the infermation obtiined on prior test programs we
can determine w! ther that system life will be satisfactory, as

i well as information on Fow to improve it Ly selection of working

é stress levels, tclorances or other factors having an effect on

: the life of the parts. This is a siy ”‘flpaﬂt refinement to the
"traditional” approach to desian in that part life at the design

§ conditiouns 1s predicted and ﬁparvd alalnst pre-assicgned reguire-

? ments, so that desian conouitions may ke modified to improve the

% failure characteristics f the Jdesian before the coqulpment is

é bulle.

.3 DESTISN BASIS OF MAINTAINARILITY

N

We have talked aboyat faillures as 1f this were the eond 2f the line.
Tt 1«n'+ so. Failures have to be reratred. They may be repaired
imnediately, to oontinue the operation.  Or Lhey nay be repaired
later when e uipment and personnel are available. The oftener the

3
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ejquipment breaks down, the oftener it mast be rerawred., It an

. cquipment has a4 MTEE ¢ 100 hours, repalrs are roquired apout every
four days. A large number of oguipments, or ogquipments with a
large numnber of parts (since tatlures usually oocver to parts) can
create strzable revair workisad, Tt ocan overtax our vepair
capactity and our buliget.
The cost of repalr or replacenent ctoany artioniar part oinoa
suster can be oestimated catrly closcelyve s The srs oot on of MTRE,
Just discussod, will establisn how many times 2er year, DWW M

times over the 1ite of the eopripment vou o would ovperst fariures of
N N s - $ B - N i Y W - . 4
that vart. Tt 1o simily a4 matter ot aceoounting b0 estimate the st

of repalrs to the syatern for tts Litetine,

similarly, the leng*h of tune 1t taXes o revarr any particular
: >
kS

Eart, assuming an arpropriate noooer ot owerkmen, can ooe estimated,

From the predicted freaaenay of repalr actrons amd tne estimated

time 0 accempiishocach, a fregqueney chistributs o cfotimes to
cpatr, and hence a Moan Time to Rest ro (MTT®RY can be compated,

This MTTR 15 usod as a figure ot merit t o desceraibhe the maintain-

The Mean Time (o Restor TR desuon TV At st er sty Jothe
’ eaprriyent o T redace the MTTR, the Soslaner staln te ATt ions
nosessary ¢ vooome lysah o the repasr t 0 eneh tact crrniinag wavs that
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the task can be expedited by changes in design. Typical examples
are improved access (particularly emphasizing short life items),
modular design or planned replacement at higher levels ot assembly
to reduce detail assermbly and adjustment times.

As we have indicated, the reliability and maintainability achievable
in a design are within the control of the designer. He can deter-
mine how much he needs. He can select alternate approaches, each

of which meets his prime requirement. He can select the one which
best meets his secondary obijectives (low first cost, low maintenance
cost, short down time). Having sel.cted the approach, he can

design the eguipnent so that the predicted failure rates of the
parts will not cause the equipment to fail more frequently than
permissible, or so that the cstimated repair ¢ime remains within

the permissible down time.

2.4 DEGRADATION OF RELIABILITY AND MAIN,AINABILITY IN PRODUCTION
AND USE

The designer establishes the maximum achievable reliability by his
design. Poor manufacturing proceosses, ponr inspection, inadeguate
maintenance or improper operat:on can reduce the observed relia-
bility belcow that which is 1nherent in the desiun. The development
of reliability in 1 design can be compared o a tree. The character-
istics of the tree are estahblished bv the seed, but harsh environ-
ment can disfigure or dwarf it. The design 15 the “seed of the
equipment.  The eguiprent can never be better than the desian. put
errcrs on the production line, or carelessness in maintenance can
prevent the inhevent reliability from being achieved.  (Flaure 1-13),

The approach to high reliability and ao0d mainta.nability §s scound

a

engineering. The techniyues and procedures we will demorstrate in

this course are those techniques and procedures a "aeoog” desigrer
should use 1n destuning.  The various program aspects, Jdeoian

(8
practices and procurerent procedures that make pegsible thye
ment of reliability in desian and its retention in manufacture ind
use must be inittiated, controlled, and audited by the engineer
responsible for the proacurement.,

3. COVFRAGE OF RELIABILITY & MAINTAINABILITY TRAINING COURSE

This cau.se 13 designed to provids an Initial exposure to the
principles of design and procurement for high reliability and

maintainabiriity. In the short time planned, we can only expose
the enginver to the principles and vracticess ant put 1o his hand

the tec? ques used. The gradual 1rorease 1n capability to use

the methods will reguire tice, practice, and support from oour

a
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that the cects o SR cxpectad
rotarn against oh M methads only
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Jhere 1tois cornomically
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3.l RESZARCH AND Dl pLOPMENT 'ROCRAMS
Tti ot Gos idns, reltizhility 15 achtieved through sound encineoerind
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rine ¢ design Gnl o dovelopment. The roeliability techniyues we
‘1 I - T Ty R N e bt o R e i Tor i N e ~ achariyen s -5
Vi 1918 ! 1o COLeCgn practicesn, a sharpenind
. ) . .
ot o dus Jeliberate crientation of the dosign to

Divector (Bngincering and Managom '
Reliabilivy and Maintainability policies of the 20D as follows:

1. Reliability ond Maintainability acsz2ls, stoated in duantit-
Lon

~rOsSPOAsS ive formns must be established.

4« The Q@*iability and Maintainabi'ity goals shall boe the
basis of technically realistic recu.renents that can be con-

trnctually s;ocifond with arpropriate demonstration plan

. Reliability and Maintainability can be obtraincd only by
sound enpinecring during desian and dovolopment.

4. AY stoated, Reliability and Maintairobility must be designed
int: rhe couipmaont, bhurt wust be designed in on 4 system basi
vl omrst b o snpgect to o tradte-off considerations with all U

< - I N St N . T 3 PR R
cGharactoriotaos such o as welght, size, cost, etc.

1

S Relaabisity oand Maantanability are the responsibilities

=S

o oot manaaoenient organization.

. Aacouranee ot Relirabrlity and Maintainability reoiirements

v hieements can be o obtained only by coastant monitoring by

Phe vrsorect o manaier oand s ostaft, utilizing carefully con-
codved plang or perilodic review and for selected demonstrations.

~

I iv s {eve cvele, egpuient passes three stages, development,
poodiit e and aperatron. DBOD Instructaions 2200,0 and 3200.9
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3.3 FLEET IMPROVUVIMENT PROGCRAMS

~»f maintenance, the
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Rut tl.e problem we d
dissatisfact i 3
already designed and built, svstems 1n tho Fleet today. In thi
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eguipment, improvement 1 necded. The approa-h +o improvement
this eyguipment must be tho same as that roguirea for new devel

ment .

Improved reliabil'ty and 1miroved maintainability can only be
achieved by improvinig the desian.  hogulrements must be establ
»nd the system redesinod and rebuilt as aecessary to meet the
regulirements. «ne sav.on: factor is that a larce part of the ur
reliability will be found to be due to a small number of compor
An organized search for the bad actors with improvement in mair
tenance of operating reccords anu reperting of failures and a

systematic analysis of the total system each time a part of it

-

selected fer change, would result in an orderly, economical impr

ment

1. THL CNO--CNM DIALOGUE

Mr. Roach's first point in DOD policy on Reliability and Maint.
ability was that gyoals, stated in guantitative, mission-respons
terms must be evstablished. 1In a speech {4), ®. Adm. C. T. Boct
stated,

"When we state an operational requirement, we 3re generatinc

a dlalogue Lectween the CNO and the Chiefs of Rureaus which 1.:
the basis of oar mutual understanding of the product we expec:

and the cost and time schedule on which we expect it. It is
the course of this dialogue that we must learn to inject
gquantitative reliability criteria.”

N




I is 1n this dialogue tnhat the Burecauw must work with the operating
térces to define reliability redguirements, tempering the definition
with the realities of achievable limits as well as cost and schedule.

The definition shiould inciude:

[

(a}  The level of essentiality (or importance | of the system,
(b} How the operating forces expect to use the system.

1y and hcw long it could be down without

{c) How freguent
fecting the mission or operation.

materially aff

(i) What the relation of this system is to other installed
systems.

(e) What kind of skills and what number of personnel with
these skills could be made available to maintain and operate
the ejuipment. What else the personnel are required to main-
tain or operate.

(f} When the euuipment is neceded in the Fleet. What event,
situaticon, or other capability defines this time.

(g) What level of funding is planned or permissible to
acquire and support the system.

Tt is imrortant tc note that the CNO cannot set realistic require-
ments by himself. High reliability is not necessarily the goal;
but rather, the prime cbjective is to obtain systems that will
operate catisfactorily and meet tho missicn needs at a reasonable
cost and with reasonable time schedules. The dialogue is necessary
to establish what these mission needs are and what can be provided
within budget and time constraints.

3. BUREAU OF SHIPS IMPLEMENTATION

5.1 HOW RELIABILITY IS ACHIEVED

Having established the requirements, the next stage, implementa-
tion, 1s the Bureaus. Definition of requlirements and their speci-
fication in numerical terms is not enough. As Mr. Roeoach pointed
sut, reliability must be designed into the system. It must be

kep. in through manufacturing, use, and maintenance. If it's not
th re in the basic design, it can't be put there except by fixing
the design. and changing « design, and retrofitting the equipment,
if far aore expensive than doing the design right the first time --
before the equipment is produced.
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The practical approach to achieving the reculred reliakiiity s
controulling the desiygner, requiring him to give adegua’e consi
aticon to reliability ancd mi..i.tainability in the design. This iz
done by teaching the designer, and requiring him to use and docu-
ment sound enygineering disciplines, practices and znalyses. Con-
trol of his activities is acceonplished by formal documented audit
of his consideraticns and decisions by well-cualified designers
in his field -- usually senior designers in his own unit.

1\'
der-

Quantitative requirements are necessary to describe the degree

of reliability and maintainability desired. Demonstration is
necessary to confirm that the requirements are met, but the veri-
fication must he supported by a good, solid assurance that the
Aesigner himself is con.idering reliability and maintainability
in his design in an organized, understanding, and effective way.
Later sessions will explair how this is done -- suffice it for
the present to say this can be done, is being done in industry
today.

5.2 MANAGEMENT'S TASK

As the top management of the Bureau of Ships, you can make 1t
possible or impossible for ycur engineers to work toward improved
reliability and maintainabilitv. We won't eliminate your problems.
Management's task is solving problems. In the solution to the
problems discussed today we believe that the approach taken by
management must include:

1. Understanding the relaticonship of sound engineering to true
reliability and maintainability.

2. Understanding the relation=hip of reliability and maintain-
ability to cost of acguisition and ownership.

3. Applying this understanding to the management of the Bureau's
business in design, development, and procurement.

Paraphrasing a statement of Dr. Harold Brown (6), We have re-
cently surveyed the reliability status of a number of system
development programs in all three services. uur intention was

tn estimate how much management attention is being given to
substantive reliabilitv activities. One specific action that I
feel needs to be taken without delay is to assure that those with
line responsibility for development management at all levels have
sufficient knowledge of reliabil:*+ " iques and methodology

to perform their management respons. .ties in this area.
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Let me elaborate a minute on the appreoach to developing manage-

ment capability in improving Reliability and Maintainability.

First an understanding of the concepts taught. We expect to con-
vince you that by the rigorous control of the contractors' relia.
hiility programs, rcliability can be improved in the design and
manufacture, that this new concept ig not only practical and
economical in the n2w developmont progrvams, but will also provide
vou with increased economy and less time ano effort iost in the
rain part of your business. We expect to convince you that the
wwrroaches we teach are goo?d engincering, with better definition
£ method of achieving that excellence of design we are looking
tor. We will demonstrate that the concepts are sound and the
coat reascaable.

seeond, the application of this understanding to the Buareaus

business:

The concept of design for a specified reliability is not univer-
sally applied across the Bureau tnday although it is extensively
used in electronic arcas and R&D programs. Integration of relia-
bility and maintainability requirements on a total ship basis is
not apparent in shipbuilding, conversion or fleet improvement
programs. With the recoanition of the total system concept, we
expect you to initiate the implementation of reliability improve-
ment programs as a parw c¢f the Fleet Improvement Program.

The effectiveness of a reliability improvement prodgram depends
not only on the available control tecnanidques and the competence
of the personne! hut also on management's active interest and
understanding of the prnblems. The best way to motivate an engin-
eer is to let him know that the top management will not tolerate
anything less than hig beot eftorts. T evaluate the efforts of
the enyg acor redguires that the top management read and understand
the progress and problem reports. To pass the word back down
requires that the top maragement react to che reports, even with
as little as a hand-written comuent or request for more informa-
tion.

To instill in the engineers the concept that reliability and
maintainability considerations apply universally, rather than

snly in R&D, one obvious step is to develop a reporting procedure
that gives equal emphasis on reliability and maintainability
wnatever the program. Tho PERT and milestone concepts are
familiar to the Bureau. Whichever concept is used, a standard
recuirement that each report include a section on reliability

and maintainability goals, achievements and problems would initiate




consideration of reliability by the endinecers and provide manage-
ment with visibility of the level of consideration.

The establishment of Shipbuilding and Operating Fleet reliability
improvement programs reguire ~oordination across the Bureau and
with the CNO. The initiation of a program to analyze the present
situation and determine what the present problems are, to establish
reliability and maintainability goals for each system in which

such goals are applicable, and tc establish reporting systems to
provide management visibility of the progress toward achieving

the goals, :n only be initiated from the top manaa. nent level.,

5.3 SUMMARY

Why should you work toward improvement of reliability and main-
tainability? I can summarize in a few words:

1. Tt will improve the effectiveness c¢f the Fleet.

2. It offers ultimate dollar savings in maintenanc. . repair, and
logistics.

3. It can eliminate the need and reduce the cost and effort of
"fix" programs.

4. It wisely invests the resources made available by the custcmer
by matching equipment to resources.

5. It improves customer satisfaction.

6. But, most of all, cood reliabiiity and gocd mairt-inability
are "good" design, achieved by the logical application of
sound engineering analytical methods.

As top manayers of the engineering effort, you have a heritage ¢o
be proud of, the outstanding capability and performance of the
ships you designed and built in the past. As the technical corps
of the Navy, 1t is up to you to assume the mantle of leadership
to maintain in this complex technological era that traditional
excellence of ¢ sign to assure t.aat the equipment furnished to
the rleet reflects "good” engineering and iependable per formance.
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Chapter 2

REQUIREMENTS CEFINITION

The develcpment of reliability reguirements requires an under-
standing of what reliability is and how it is achieved.

1. DEFINTZIONS OF RELIABILITY AND MAINTAINABILITY

Reliability and maintainabilityv are per formance characteristics
cf systems. Thev express how well functional performance capa-
bility is kept available.

i.l RELIABILITY

Reliability is defined as "the probability that systems or com-
ronents will perform their intended function for a specified
period uwnder stated conaitions."” Probability means the fracticn
of attempted uses of the system that will be successful. A
parameter of interest in the measure Of reliability :s the Mean
Time Between Failures, defined as the average Stress Time be-
tween failures. Reliability is defined by tnree factors:

{a) The intended us~ or functicn requi: 'd to be per formed.
From the intended use we derive a definition of failures,
the incapability of performing the function.

(b} The specified periocd. from thto intended use, we can
determine how many pericds or cycles of nse will occur
0oi1 the average for each expected railure. For an egquilp-
ment with an MTBF of 24Q hours., ow reliabkility for a
24-hour period would be 90%. That is, 3bout one day in
ten we should not be surprised to have 1t down.

(c) The stated conditions. For any system, o severe environ-
ment will reduce the reliability, increase the average
fregquency of failures. Environment includes weathoer
imposed strosses such as temperature or vibration and
the human “climate”, skills of operators.

1.2 M INTAINABILITY

‘Maintainability 1s defined as the speed or economy with which a
3ystem or component can be kept 1n, and. or restored to full per-
formance capability.
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A mwaintainability tronctisn s suod tO gquantify mamntainablilily.
It 1s defined as “thne prosaataciuy Lhat ~hon maintssnance action

1s 1initiated under stated onditicons, a failed i1tem wiil ve re-
stored to ouverable conditions within a total specified downtime.™
Agail:: it is defined by threc factors:

(a) Definitions of failure. This 1s the samo as for relia-
bility.

(b) The swvecified period of time. This is the timc between

securrence of a faillure and restoration to pe: formance
of the function that can be tolerated within the planned
use of the eyguiprent. For a system, tihe sum of 3ll re-
storatior times divided by the nuwber ot faillures 1s
called the Mean Time to Restore (MTTR).

The stated conditions. Conditions under which a repa:rr

or restoration action cccur include the numnbers and
, logis-

—
3
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skills of personnel, the restoration vhilesophy
ti1c support (tools, equipment, parts), instructions,
the working environment.
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.1 THE FUNCTION

The purpose of credting g system is te provide for the perform-
ance of a function, such as detection or trackiny of taragets,
steering a ship, or whatever. The uscr 1s '‘nterested 1o the
performance ot that function at specitied times based on ot
nature ©of his missions. The penalty for farlure of the function
can be assessed from the nature of the mission.

Developuent of a technical apvroach presupposes the recognition
of a requirement and ~f a capability.  The regquirenent must he
cvaluated in terms Oof the opeorational tunction.,  The © b

15 detined in terms of a technigue or tochnaology related to the
cperational function.  This capabil:ity includes the ability to
continue performing the function with taslures at an acceptable
rate and within the capabilities ot the ropais foroes to main-

tain.

(%}

THE CAPABILITY

N~

-

The technigue or technology proposed wwill 1nclude the basic nature
&

nf the systems, radar, computers, or dyvdraulics. tThe furction

e




to be performed will indicate how the systems will be used, Jduty
cycle, and probable environment. The penalties associated with
equipment failure and faoilure © . repair with . a s CLFied time
can be predicted and values of reliability expected to be accer-
table proposed. These valves can be compared against the present
capability of whatever industry is involved as shown by presently
available similar systems and an estimate made of the amount of
development eftfort which will be reguired tc achieve the accep-
table value

Ty
S
IS

2.3 THL REQUIREMENT

Everv system developed must be responsive to a Gereral Operating
Requirement. The need for the system and the nature of its use

must bhe stated in or inferred from such a reguirement. - system
to be used in a ship must be respongive to the functions imposed
by the missions and tasks assigned to that ship.

In attempting to define a revuirement for reliability, thesc
gquestions must be asked and answered:

(2)  what Is meant by the fajlure of the syster? The answer
can be statod in simple terms:s the fatiuce to ver form
1ts function. This reduires the statement of function
in specitic guantitative terms with speciiied tolevances.
For example, a radio transmitter may send ocut a syanal.
If the siynal is too weak the receiver «ill not receive
it. This must be considered a system failure. =0 tunc-
tion cannot boe defined as transmitting the sianal but

ust include a rande of power transmission as well,
Carrier frequency, nroise, directivity and other factors
st he included in the definition. {Zee chapter D).
(b)) How ff;}dcntlx may failures be tolerated?  TIhe determin-

.
A
st bhe made by the inteonded user.
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Any can he developed into a gystem,
but sﬂy incr nmental increase must hHe develrped at the

expense of cost, time, welrght or capacity. The tpade-off

must be madc, starting froem an origlnal estimate ot

cavability wversus cost, Dy comparira the penalties assoo-
ti 2l t

iﬁﬁna w il development of reliabiility

A
s
until a Eatlsaactsry golotion 1s o

surr cunding
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ure to weather, nigh ac~~lerations, sudden shocks. I
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aisy refers to the "human climate”, skills of operazors
and .aintenance perscennel. It concerns the natural habi-
tat of the system during i1ts lifetime including periods
of inactivity as well as activity. The envircament «
exert a large measure of control on the reliability
achievakle within present capabilities as well as cost

of waprovement,

{a@) what is the plannoed cycle of operations? This yuestion
rerers to the frequency as well as the duration of oper-
ations. It describes the functions to be per formed on
cach -~ype of mission, the length ¢f time the functions
are roeded, covering cach and every mode of operation
ot the system,

These Jquestions are answered obisctive of the development.

Let's look at the Research and Develcopment Plan,

RN THE RESEARCH AND DFVELOPMENT PLAN

3.1 MISSTICON ORIENTATION

The Rescarch and Develrpment Program (3) f(excopt for basic re-
search) is orierted toward speciflc missions in particalar en-
virsnments.,  The basic input intoe the RSO program comes from the
Navy and Jeine Lons Range strategic Studies, which define the
future roles and mission of the Navy. The 'ong rang. threat,
potenticol capabilities of possible ernemies and the expected
political climate are assessed. Wheve the long range studies
assess the poriod beyond ten years, the Navy Mid-Range Study 1is
concerned fith the periad out to ten years. The Joint Sirategic
Objectives Plan poovide obiect ives

for the S%-8 year period.

Uoon 1ssue ot an odition of the Navy's prop

sed mid-range ship-
puilding oblectives, operaticnal commands havimy cognizant ine
ter ot supenit rocommendat oons on misgions and tasks to the

Fleet Sporations Readiness).

H
s
A
g
‘V
P
-

The statement of Mission and Tasks aspproved by the UNO for each
type of U. S, Naval ship providss the key to a ship’s ultimate
capabilities, characteristics and cost. It turnist~s a broad
svatement of the purpose for which the ship {g to be desigoed

and the taskxs which the ship van be expected to accomplish.

The sponsor for the type  ship in OPNAY amplifies the informa-
tion contained in the stztement of missiorns and tasks into a




single puqge characteristics Jdaelineating the 9‘7n;iicant b

and capabilities <f the new shiip which iz furnished to the ¢h
man of the Chips Characteristic Board. The typ2 Sponsor prepares
formal D requirements tc provide capabilities requ:

vat developed. %The 5S-yeer Force structure and Fin
initiate the start of budgetary action for the acyuisitions of
tiie hardware.

The development and establishment of the Five Year Force Struc-
ture and Financial Program ({FYFS&FP) have emphasized the rocessity
for defining the Navy'’s mid-ranie shipbuilding and conversion
prcgram with an accuracy and in detail comparabls to the budget
submission increment. The shipbuilding and conversicon programs
submitted to the Secretarv of Defense for approval muct there-
fore be justified by the Navy in terms of reguirements, technol-
ogical feasibility, production availakility, characteristics and
cost.

2.2 DEVELGPMENT OF SHIPS

The Ships Characteristic Board has one prime obiective, {Figur
2-7), to insure through timely recommend-cions to the Chief (f
Naval Operations that the characteri<ccics of all naval vessels
not only meet, but anticipate wherever possible, the require-
ments of naval warfare incident to approved mission and tasks.

The specific t25ks porformed by the SCB are:
{a) With regardé to all naval vessels:

{1) to recommend, based upon primary guidance from the
Standing Committee, Shipbuilding and Conversion,
the nature and extent of . ich installations as may
be nrecessary to meet operational requirements after
considersii~n of their effect upon other character-
isti-s and when applicable the installation of items
still in a research and development status, after
consideration of their compatibility with research
and development plans.

(2) To ieview the arrangement of material, instruments,
and facilities to ensure efficienry in operational
use.

(3) To make recommendation to CNO and the deveiopmental
agencies reiative to the adequacy, weight and moment
requirements, compatibility, etc., on all types of
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developments of shipboard equipment, particularly
electronic equipment, in order that new equipment
shall be adaptable to shipboard utilization in ful-
filling operational requirements.

(b) With regar? to new construction, conversion, and modern-
ization of ships, landing and service craft, and con-
sideration of merchant type ships planned for Naval
acquisition:

{1}

(2}

{3)

(4)

To study the reguirements and guidance tfurnished
and from such study develcp the broad ship charvac-~
teristics which will support the mission and tasks
assigned.

On the basis of estimates furnished by the Material
Bureaus in connection with design swudies, to advise
the Deputy Chief of Naval Operations (FO&R) and the
Chairman, Standing Committee on Sripbuilding and
Conversion, of the probable costs of the ships in
the program.

To reccmmend the characteristics in such detail as
necessary to guide the bureaus in their preparation
of plans and specifications.

To review pre-characteristics design studies before
the annual program is developed by the Standing
Committee on Shipbuilding and Conversion, and before
detailed plans and specifications are finalized by
BuShips, and recommend changes when reguired.

The characteristics of the ship are generally defined in terms
of speed, cruising radius, type of propulsion, size, weapons,

and other special equipment to support the missions and tagks.

In the effort to anticipate the needs of the Fleet and to match
or anticipate potential enemy capabilities, the early introduc-
tion of newly developed capabilities into the fleet is mandatory.

Ti.ese new capabilities are being developed today (Figure 2-9)
and are planned for future development in the Naval Material
Research Objectives. Each system or capability in a ship had at
one time a development phase. {Figure 2-10).

3.3 DEVELOPMENT OF SYSTEMS

Several years ago it was realized that significant improvements
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were required in R4D management to avoid the large cost overruns,
schedule slippages and per fcrmanice/design changes that had become
a pattern in major development projects. During these past
several years, in order to effect significant improvements the
DOD has tried a number of relatively new things (not necessarily
new in concept but in emphasis) among which are Incentive Con-
tracting. Contractor Performance Evaluation. Cnst-Effectiveness
Analysis, Categorization of R&D and Project Detinition Phase.

The most important objective of the PDP is to provide an adequate
basis to assure that management decisions to proceed with, cancel
or change development projects are made on a total system and
total cost basis which includes realistic cost and schedule
estimates for the production phase.

The other objectives are to:
{a) Establish™ firm and realistic specifications.
(b) Define precisely interfaces and responsibilities.
(c) Identify high risk areas.
(d) validate technical approaches.

(e) Establish firm and realistic schedules and cost
estimates for the production phase.

(f) Establish schedules and cost estimates for planning
purposes for the total project (including production,
operation and maintenance).

PDP can be considered to be one step in a series of steps in the
research to production sequence. It is that step which immediately
precedes the full scale development and is the means of defining
it. The steps prior to PDI are necessary tc assure that the
proposed development project is ready for PDP. These include
technology and building block component developments which are
accomplished without specific reference to the proposed system
development program, and studies specifically aimed at the pro.
posed development, such as trade-off studies, feasibility studies,
cost-effectiveness, operations research, etc. The development

and studies prior to PDP must assure that the prerequisites to

PDP have been met:

On January 18, 1963, Dr. Brown sent a memorandum to the Depart-
mental Assistant Secretaries (R&D) ccovering several major concepts
in the management of research and engineering. One section of
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this memorandum treated Project Definiticn and set forth positive
ground rules for its application to new projects. These ground
rules required that PDP be used for all new Engineering Develop-
ment and Operational System Development projects with cunulative
RDT&E funds of $25 million or more, and provided for application
of PDP to other projects at the direction of DDR&E or the option
of the department. DUD Directive 3200.9 "‘hich was just issued,

includes these same ground rules for application with one addition:

that Engineering Development or Operational System Development
projects with anticipated expenditures for production investment
of $100 million or more are also required to use a PDP.

The terms Ingineering Develcpment and Operational System Develop-
ment and their place in the R&D structure are cutlined in DOD
Instruction 3200.6. The Engineering Development and Operational
System Development categories are the last development categories
in the research to production sequence and are developments
intended for Service use. Inadequate or tardy definition of
these projects results in drastic consequences in terms cf total
costs (including R&D, production, operation and maintenance),
schedules and operational effectiveness.

The Project Definition Phase (Phase I) is a formal step preceding
full scale development (Phase II) during which preliminary engin-
eering, and contract and management planning are accomplished in
an environment that encourages realism and objectivity.

While the project definition phase requirement applies to new
projects of $25,000,000 or more, the basic concepts of manage-
ment of a development are applicable across the board. Where

the basic concepts were not followed in the original development
of equipments in use in the fleet today, we still have the design
and SOFIX problems. And they won't go away. As each problem

is identified, the fire drill starts again.

3.4 NEW DEVELOPMENT: A MANAGEMENT PROBLEM

The problems to which DOD Instractions 3200.6 and 3200.9 are
addressed are not technological problems, but problems of manage-
ment. Let's look at the structure of the dialogue between the
CNC and the NMSE (Figure 2-13).

The varjous documents covering the definition of requirements are:
(a) General Operational Requirement (GOR). A GOR is a gen-

eralized statement of needed operational capability pre-
pared by the CNO.

i o e racr e et

f &
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{(b) Tentative Specific Operational Requirement (THOR]. Tne
> 15 a document originated by the ONO by whio!ls the
TSOR d t ; ted the ONO by v Lot

CNO requests certain informatrion of a technizal nature

which is nec-ssary in crder to determine 1f o valid MNavy
research and development redulreoment oxists.

(c} Proposed Technical App “hes (PTAa):s Tos rTa are docu-
ments prepared by the NM1h for the CNO curlinin: tech-
nical approaches by which a vrarticular cavability may
be achieved.

(d) Specific Operational Reguirement
document by which the CNO states tho noed for the devels
opment of a particular ovoraticnal capability.

"
8]
-~

Advanced Development Objective (ANO) . aAn ADO 15 3 docu-
ment prepared by the CNO and audressed to the
states a neecd to conduct certain oxperimental studies,
tests and develcpment cffort for th. vurp se of ostab-
lishing the potential capabilities of a nuw woopon ¢on-
cept, the technological feasibility of developing a new

system, and to develop c¢reater accurasy in the o=t
time, and per formance ecstimates roaguired to
financial acceptability of a new systen. «

cetablisn

(£) Technical Development Plan (ThP'. & ThE is a rlan deoel-
oped under the direcction of the NMSY for the puarpose of
documenting those actions, procodures and resources
which are required in order to achicve the capabalite
described in the H0R, or thesoe wbions  rogulres o

3.

achieve the ol jectives ot lined 1n an ADC.

3.4.1 Evaluaticn and Rev Ao o the )
develcpment cof weapen sys Rore Cost ] '
in critical resources, it vodeve o 3
programs be continucusly appraiscd and rovieseas in order to .
mit timely realleocation of rescurces or proegran curtal lment - I~
ever such acticn appears to he reaircd.  In orsier to vide 3

for this appraisal, standardized rovorting procedures hate Been .
established. The following pararaphs descoribe several of these
management-oriented reports.

(a) Project Report. DI Form H1. contains the basic progras o
information required by sanadement for the anlys s and

review of RITSE projects in the DOD Ressaroh and Hxpel oor-
atory Developrant categorioes. ; L.

-
“
’
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0
o
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{(b) Monthly Project Evaluation (MPE). The MPE is a monthly
report submitted *o the CNO by the bureau <r cffice having
management responsibility for a rroject in advanced de-
velopnent, engineering development, or operational systems
development. The nurpose of the MPE is to direct the
attention of the top Navy RDT&E management echelon to
present or potential problem arcas in the RDT&E program.

—
@]
~—

Research and Exploratory Devilopment Troqaram Highlights.
This report is to keep RDT&E ad-in:istratcrz and managers
informed as to progress, or lack thersaf, ¢ swards obiec-

tives within the categories of Research

and Exploratory
Deve.opments. These highlights include all significant
accomplishments and problems, actual or anticipated,

within the approved programs for Research

il

nd Expleoratory
Development. Program highlights are repcrted on an
exception basis.

(d} Hotline Report. This report provides a formal method ot
ensuring tirat the ASN(R&D)} and DCNO{D)} are made quickly
aware of RDT&E problems which are, or have the potential
for, seriously affecting RDT&L projects. This report
will provide interim coverage when major or critical
preblems or other significant events occur or are anti-
cipated between regular monthly progress reports.

(e} Quarterly Project Reliability Summary. This report serves
as

(1) A reliability annex to the TDP summary by providing
the minimum acceptable reliability requirements and
the contract goals as the basis of the roliability
rating (in the Monthly Project Evaluation) »f each
prciect in engineering development and operactional
systems development, and

(2) A convenient yuarterly progress report to top Navy
Research and Development management in these two

categories of systems development.

3.5 IMPACT OF PROPOSED TECHNICAL APPROACKES

The Chief of Naval Operations has been charged with the respon-
sibility of develiping the maxiynum capabilities in the fleet
consistent with the strategic c¢bjectives and the Five-Year Force
Structure and Financial FPlan. In the evaluation of needs to
support Missions and Task against Capabilities, Schedules and

RS {%wﬁiﬁ . I
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Costs, the DProposed Technical Approaches constitute
bid on the 1¢b offer«<d by a GOR or TSOR. The CNG, 1
ment, must try to spend his money ia the way most 11

the Bureau's

n his mManisio-

kel b to

achieve the mcst pressing of his needs. The PTA must sell the

Bureau's undersztanding of the need anu approciation

sf the soun--

ness of the approach. Faillure *o convince tne ONO thiat the

equipment can be provided, within the reqguired time,
get limitations and with adequate capability, may ©a
decide that t: = isk is too great t~

might never be 1ssued.

pursue the pre

4. CONTENT OF A PROPOSED TECHNICAL APPROACH

Refersnce (€' reguiresz that the TA contalin, tn addle

functional and operational description of the systen
problem to be sclved, an estimatce of the operational
of the proposed system. This s
i

hall be stated in terma ot nere -
formance reliability, cperability and maiptainabil-tv.  alterna-
tives 1n performance, cost and development time are re Pyt '
bracket the proposal in performance and duar tion of fhe Jevelion ‘
ment schedule. E
4.1 RELTABILITY AND MAINTAINABILITY B
4.1.1 The development of the reliabi fromoeach e
the alternatives should consider T Brlnt ¢
of the particular industry as we o trieatt .
in improvement. The cost and _ Wi
present state of the art reliabil ity and the cost oano o, e
te develop the maximum feasible reliability witihiin the sohol
constraints should both Lo shown.  Both values shoold Do comp e
to the assumoed acceptable value.
4.1.2 similarly the development of present indo try capais it
and maximum maintainability development within the scherile ~ono
straints should ke evaluated and shown In the alrternat oo ) N
the PTA. )
4.1.3 The cost consequences for ecach level o roelrgba !l
maintainability should be estimated Using the planned Croaty ona
dury cycles previcusly discussed and estimated number o0 oy )
and consequent cost of repairs as well as oant:crivat coox :
maintenance and operation (Fiaure 2-17) The 1mpasct el s
numbers re:;uired and training reguirements shoanld he e oy -

within bud-

g him *o

1ect.  sn SOR
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4.2 DEVELOPMENT OF "ELIABILITY RECUIREMENTS

An cxample of the development of reliakhility and maintainability
reguirements 1is provided.

4.2.1 we consider a reguirement for a shipboard fire control
system. The function is tc actively defend the sh_.p against
enemy aircraft. 5ince the system is quite complex, we break it
down ‘ntc its subsystems. The four subsystems are:

(a) Detection system: to detect aircraft apprcaching the
ship.

(b) Tracking system: to provide continuously the slant range
and bearing cf the designated targets.

{(c) The fire control direc or: consisting <f director radar,
cemputer and controls.,

(d) Thc weapon: a surtface to air missile.

The weaon and director system are already develorp 1« ;

able. The system to be deveiope”d is the detection and tracking
system. Acquisition range reaguired is 40 to 50 miles based on
issumed aircraft speed, time required to develop tracking inform-
ation and reaction time for target acquisition and time of flight
of missile. The & cach selected is a single radar with search
and tracking capab:.:ties with a computer to convert range and
bearing to predicted position.

From comparison of data on operational systems very similar to
the proposed new designs w. can establish estimates for certain
paramet~rs of the new systems. These are considered the para-
meters achievable with present design methods. Performance is
defined as the proktability that the system, when operating with-
in specification will accomplish its function. For example,

per formance for the search raidar is the fraction of the time
that appruaching aircraft will be detected before they reach the
minimum acceptable acyguisition range of 40 miles. for the
tracking mode it is the fraction of detected aircraft successfully
identi fied tc the fire control director.

Search Mode Tracking Mode

Per formance .95 .99
Reliability (MTBF) 118 t ~s. 58 hrs.
Maintainability (MTTK) 3 hours 4.2 hrs.




ty cycle - plan of coperational use for the radar
: ee s

4.2.2 The 4
o standards:

U
will be tested against thr

(a) A four-hour pericd {rominal) comparable to the normal
duraticn of general Guarters.

{b) A 90-day period comparablie t¢ a normal patrel or cruise.

{c} A four-year period, comparable to the expected duty tour
between shipyara averhauls.

For the search mode the periods of interest are the four-hour
and 9%0.day cycles. The radar will be coperated centinuously in
the search mcde, to dectect the start of the attack. When the
attack has started the *-acking compuisyr 1is activated to provide
tracking on Zdesignated targets, The period ¢f interest in the
tracking mode is the probable maximum duration of an a*ttack.

We can make the follcwing assumptions:
{a) The egquipment will be cperated daily at morning general

quarters and whenever an unidentified target is detected.

(b} About six of the operations will result in attack by
raft.

enemy airc

{:) The pericd of each operation, scheduled or unscheduleg,
will be four hours.

{d) Failures can occur only during cperating periods.

The probability that the racdar is operable in the search mode at
any time a tacdet might come within range is its availability,

MTBF
MTBF + MTTR

A=

assuming that the radar set is designed for negligible preven-
tive maintenance downtime during the 90.day cycle. Using the
parameters presiously determined, the expected availability in
the search node is .975. The probability that any target appear-
ing will be detected in time is the product of probabilities for
per formance and availability. This product is .925. The relia-
bility of the radar, operating in the tracking mode for the four
hours, is .933.

The probability that the radar will per form its function of

e R R s

e i)
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*racking aircraft for the
BG5S ASSUMLING, as we
J-dav patrol, the
uring six atfacks would
be 42 The ri = e of six attacks) of 3
chances n 5 0f not surviving a 90-day patrol does net appo:

4,2.3 Alternate approaches: Imgroving the reliability of the

search and tracking radars by a factor of four weould improve the

MTRBF in the tracking mode +to 232 hours giving a four-hour reil:l
L7 o

15 amount of improvement is conside

The availability of the search radar in search mode is improved
te .9%4. The improved effectiveness of the radar becomes .927.
For a S0-day ruise with si T

tacks, the probability of

£

LA
ig irproved to .83.

With a nerformance improvement in detection of ai
50 miles, the efifectiveness will see a significa
A perfoymance improvement to .98, for example, wou :

the single attack effectiveness to .957 and the cryvisc a4%fooiin
ness {six attacks) tc .77.

4.3 TRADE-OFF ANALYSTS

A trade-coff analysis, showing these fuctors, similar to Figure
2-21 should be prepared to provide clear visibility to the CNO

of the cost, schedule and pertformance factors t» enable him to
make a decision, based on a solid foundation, as to which course
to pursue. Development of such trade-offs is covered in chapters
23 and 26. With this minimum level of detail, an SOR can be
definitive not only ot the performance characteristics but also
of the level of effort to apply in the improvement of reliability
and maintainability.

5. TECHNICAL DEVELOFPMENT PLAN

Once the foundation is laid for the development program through
a choice of objectives and the Specific Operaticnal Requirement
issued, the development of the plan for achieving the objectives
is fairly straight forward. With the requirements and industry
capability known, the plan for dependability reyuires a level of
control adequately identified by the gap between present capabil-
ities and requirements. The planning for accomplishment, however
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is the CNOs spportunity to judge the management effectiveness of
the Bureau on the project. Lack of confider~2 in the outcome,
kased on inadequacy of plarning, may still prevent initiation of
the project. Inadequacy of the planning presentation in the TDP
might well convince the CNQO that the risks involved are too great
fcr the gamble. The TDP must reassure the CNC that the Bureau

is aware of the problems and is planning to overcome them. If
thi¢ conviction is not clear, some other allocation of the funds
may well be made.
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Chapter 3

SYSTEM DEFINITION

A system is a collection of components that are made to operate
together as & unit. The term was originally used in the com-

munication field to describe the various techniques (telephone,
telegraph, wireless, amplitude modulation, frequency modulation,

pulse modulation, etc.) used to transmit information from one
location to another.

Th» term weapon system has been used for a collection of smaller
systems. For example, the weapon system used for intercepting
bombers includes the interceptor, airborne fire controcl system,
armament system and propulsion system and in addition a ground-
to-air communication link and possibly an automatic landing
gsystem. The interceptor is only a part of a still larger system
calied the Air Defense System which includes the early warning
systems, anti-aircraft weapon systems, interceptors and associ-
ated GCI (ground controlled interception) systems and also the
communication links which tie all these together.

A ship is a weapon system in the sense that it is a collectioa
nf systems which transport itself plus a load along some sea
path to a particular destination with a specific purpose or
function. The load, for military applications, consists of
weapons and the destination is some operating area.

In the development of a highly complex system such as a ship,
there is a major need to consider the interrelationships between
systems. Unless such interfaces are considered, there is a great
danger that efforts to achieve perfection in one area may reduce
the overall effectiveness of the ship, rather than enhan e it.

It is often difficult because of the broad technical knowledge
required to know how to make compromises judiciously. It will

be the purpose of this chapter to describe some of the consider-
ations that are involved in the development cof integrated systems.

1. DEVELOPMENT OF SYSTEM APPROACi

1.1 DEFINITION OF SYSTEM TASK

As we discussed in chapter 2, the selection of the task for the
ship is complex. Each ship has a variety of capabilities, cne
or more defined as primary, others as secondary. The primary
Eapabilities are based on requirements for the class of ship
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as defired by the Ships Characteristic Board. Sometimes, as in
the FBM, the primary characteristic is related tc the weapon.
Again, as in the DER it is related to detection and tracking
equipment. Or, as in th.. MSO it may be related to counter
measures eduipment. The start of the analysis may then be the
identification of systems that are used to :ffect the primary
functicn or mission of the type of ship. The task of the ship
is to support these primary systems.

1.2 SELECTICN OF COMPONENTS

H-ving identified the primary systems of the ship, the next phase
is ae uetermination of the systems needed to support them. For
a particular case the<e supporting systems may include Navigation,
Propulsion, Ship Conirol, Electric Power, External Ccmmunications,
internal Communications, Search, Detection, Life Support, Damage
Conirol.

I

SYST"M OPTIMIZATION

| et

Havi:ng selected the primary and supporting systems an analysis
must be made of the performance of this group tc determine the
churacti ristics which will result in an integrated system.

A useful aid to thinking at this stage of development is the
system blcck diagram. & block diagram is a schemaitic description
of the wuay the zystem operates. Each system or subsystem may be
thought of as a box. {Figure 3-4). Certain inputs, such as
signals, power, and decisions are regquired Lo make it per form
1ts function. As a result of the inputs, the box produces =z
certain output such as position, energy, or other signals. The
relationsliips of the output to the input is established by what-
ever mecAanism 1s within the bex. The effect of operation of
suchk 1 m2echanism we call a transfer tunction. The box operates
under the influences of its environment which may have an effect
on thoe transfer function to modify the output. A simple example
might be a steam generator. On the provision of fuel and air
{roperly combined and ignited, of course) and water, the steam
generator produces a flow of steam. The flow is controlled by
variation in demand and the quantity of fuel and air burned.

The trensfer function includes the transfer of heat energy to
the water,

A syster | sists of a number of such boxes. To describe the
cunciiloning of the ship, the systems are arranged in blocks with
cot e ting cined to illustrate the flow of informztion. A

L. ral plock diaaram for a generalizesd weapon system is 1llus-
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trated 1n Figure 3-6.

There are secondary relationships involved in these systems.
Navigation may support the weapon directlv. Communications
provides the input to ship control. Electric power supports each
other systems and is itself supported by elements of the propulsion
syster.

A complete diagram (usually much meore detailed than that illus-
trated in Figure 3-6) showing all of the relationships is some-
times called the interaction diagram. The functioning of each
system 1s described by the transfer functions which relate the
outputs of each of the blocks in the diagram te its various in-
puts.

In the conceptual phase of design, these systems are not yet
identified as specifiz pieces .of hardware. Their inclusion as
systems only identifies that "hardware” sys.iems are needed to

per form the functions. These functions need to be described to

a greater level of detail, breaking the functions into subfuncticns
and these lower into sub-subfunctions until a conceptual equipment
or assemblage can be named that can perform the function. For
example, Navigation might inciude ideatification of pesition on
the sea and identification of true North. It might also require
information on the speed of the ship through the water. Severail
equipments can be named capable of performing these subfunctions.
For position on the sea, Celestial navigation, LORAN or SINS

might be considered, for identification of direction a gyrocompass,
tor speed a pitometer log.

The output of each such proposed system operating within its
intended environment must be tested against the input reguire-
ments for all related systems. The trade-off is made; selecting
the optimum systems capable of meeting all requirements from
consicerations of cost, schedule and performance parameters. The
per formance parameters should at this time include weight, space,
speed, accuracy, reliability, maintainability, availability, etc.
Ore very good way to accomplish this is to select, first, the-key
propertics of tlie systems, s :ch as response time, voltage, pressure,
etc., which approximately describe the operation of the system.
These are compared and values of the key properties selected which
vroduce the best performance of the system task, accounting for
the per formance parameters named above.

Variations in the per formance parameters are then tested against
cos® and schedule, keeping the key properties within Dermigsible
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limits to arrive at an optimized system.

1.4 SUBSYSTEM DEFINITION

Having identified system function to general types of hardware
capable of performing the functions, the next step is to eval-
uate the type ¢f hardware to define the characteristics of the
systems to be used. Working within the constraints already.
selected, the input :nd output for each system, the function
assigned that system is again broken down, one level at a time
until the subfunctions derived are each identifiable to an equip-
ment. For example, "external communication for the command net,"
may be broken down into transmit and receive, requiring a trans-
mitter and a receiver. Transmitting equipment may be available
that meets the key properties and required per formance character-
istics already selected. If not, one can be synthesized by break-
ing down the function to the next level (Transmit to generate 'a
carrier, modulate, amplify, and radiate). Working within the
constraints imposed by the key properties, the components cap-
able of performing these functions are tested against the per-
formance parameters. The new performance parameters are then
tested at the next higher level of functional breakdown -to
determine their effect on the optimization of the system. This
successive breakdown to finer levels continues until each system
is defined in terms of components accepted as within the state
of the art.

Using the developed values of the key properties, tentative
specifications are made and designs and drawings are made and
new estimates of the performance parameters are made. ‘These new
estimates, plus additional parameters, are fed back into the
analysis while hardware construction is proceeding.  Tests on o
the development hardware are made and these results are fed. back
into the analysis. A flow chart illustrating the entire operatlon
appears in Figure 3-8. The information may flow contlnuously but
the configuration can only proceed in steps for compatlblllty
reasons. . - :

The important concept here is the system Approach.. The relation-;;
ships between systems is continuously used as a controlion the '
definition of the system. The approach insures compatlbllity

and enables system optimization.

2. REFRESENTATION OF SYSTEMS BY MODELS

The system block diagram provides the basic skeletoﬁ for the
system model. A model is an analytical representation ofgfhe

o~
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system in terms permitting assessment of the characteristic of
interest. It describes what the system is; what, how and when
it does it; and what external influences affect it. Xt contains
descriptive data regarding the system permitting evaluation of
the characteristic of interest when per formance data is appliad.

2.1 MODELS AND THEIR PURPOSE

The system model is the means by which relevant information is
vtilized in an organized manner to formulate estimates concerne
ing the system. The model makes it possible to evaluate system
per formance with regard to a characteristic prior to actual pro-
duction of the system. Perhaps more importantly, the model
approach provides the means of evaluating the effects of design
and development decisions cn the system. This provides a sound,
rational basis for design trade-off studies, design selection
and parts selecticn. Finally, by means of a model, critical
portions of a system in development or in use are identified.
From this knowledge the needs for further development may be
defined.

A model always expresses quantitative output (such as system
reliability) as a function of component inputs (such as fajilure
rates); accounting for all relationships between components
(configuration).

An important application of the model is in total system trade=-
offs to obtain an optimum balance, within the mission and pere
formance envelopes, between total cost, schedule arid operational
effectiveness of the system as discnssed in Chapter 26.

Models such as these permit the design #ngineer to simulate

alternative approaches, such as configurations o:7redundancy. to
determine the probable effect upon Effectiveness anc Cost. Thie
provides a much sounder basis for trade-off than does intuitiom.

It is obvious that a model can be made extremely complex and
detailed. 1In a detailed form it contains functional, analyticel
and logic block diagrams, environmental profiles, missjon pro-
files, a list of ground rules and assumptions and a cthlotg set
of equations. But the model need not be extremely coaplex. A
simpler model, consisting of a simple diagram and a few equatioms
is adequate for many purposes. The model is a tool of design
and should be no more complex than necessaryv to serve the immed-
iate purpose. More, it should be kept flexible so that as
additional knowledge beccmes available, it can be added *o the
basic skeleton, with no reconstruction exg¢apt as required to
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incorporate changes.

For major system trade-off studies prior to design or for pre-
design aprortionment the model will treat the system at the major
functional block level as was done in Figure 3-6. General
assumptions prowviding great simplification should be used at this
point. Such assumptions are just as valid as those requiring
elegant matiematical treatment, because of the lack of detailed
knowledge of the system. All that is required at this point is

a first aprroximation of functional bhloack values. These will
suffice forr making the major trade-cff decisions to establish
the optimun feasible set of system requirements and to establish
general design and development approaches.

As design progresses and more detailed knowledge of the system

is made available, the model will evolve in detail and refine-
ment. For prediction and especially for demonstration the model
should reach the degree of refinement permitted by program and
data constraints. Such a model will provide a basis for selection
of design and parts.

The importance of a mode. lies not in the absolute values of
numer:.cs that it generaces, but rather in the discipline of
analysis and comparative analysis that it provides. The model

is a frame of reference within which certain quantities are
measured. These measurements will provide fair or poor approxima-
tioas to the true values, depending on the completeness of the
model and the quantity and quality of data supplied.

But the measurements have a great deal of relative accuracy.

This permits comparisons to be made for the purposes of measuring
progress and growth and of making trade-off decisions. Because

a system inodel is necessary to arrive at major trade-off decisions
and to establish system requirements, development and use of the
model makes it possible to measure progress in achievement of these
requirements. This process requires apportioning the requirements
at the proper level of details and retaining the same general
ground rules contained in the original statement of requirements.
At the detail level problems are detectable by comparing measure-
ments with requirements. Effects of corrective action can be
evaluated. Although the true value of some characteristics or
parameters may never be accurately known, the model allows useful
measurements of these by comparison.

It is, therefore, not all-important that a specified requirement
be accurate in an absolute sense, but rather that it be stated in
terms that its achievement is measurable within program constraints.



2.2 SYSTEM MODEL ELEMENTS

2.2.1 Mission Objectives and Requirements: A system concos
into being as a result of some operational requirement. A
function has to he performed. and a system is designed and pro-
duced to perform the function. The system model begins with a
mission objective, that is, a statement of the operational
requirement. This requirement might be detecting and tracking
a target. propelling a ship or any other objective.

In order to meet these objectives certain functions must be
per formed. To detect and track a target a radar system might
be selected. If a radar system is to he used for this purpose
the subfunctions might include control, generation of an
electrical pulse, radiation of the wave, receiving the return
wave, separating the incoming wave from the transmitted wave,
synchronizing a display with the outgoing pulse, abstracting
information to provide input to the tracking computer and dis-
plays. Eqguipment can in general be named to perform &ach cf--
these functions. (Figure 3-12).

Therefore, each function in the system is identified with a class
of hardware to the extent required to estimate the magnitude of
L. the development effort. 1In a propulsion system :icr ‘example there
is a fuel supply, burners, air supply, boilers (including pre-
heaters, superheaters, etc.) steam lines, turbines, condensers,
feed subsystem, reduction gears, screws and shafts. Each of
these can be identified in some manner with one of the functions
required for propulsion. A state-of-art constraint has now been
imposed, in that general design approaches are ncw defined. No
particular boiler has been specified, but the system will have
at least onz boiler, which, together with the accessories, will
per form the function of energy conversion.

2.2.2 Event Sequencing and Operating Times: Now that system
functions are identified and schematically related, a sequence
or set of sequences of activities necessary to complete the
mission objectives must be defined.

Along with the sequence of activities, the necessary system
operating times are determined. This enables a time line:
analysis of the mission to be made. Mission activities are
appropriately .spaced on the time line to determine the ope:.oting
state or mode of the system at ‘any given time. From the system
time analysis the periods of operation for each functionil block
4 is determined. The periods of operation (duty cycle) fcr each
i functional block are represented by time lines plotted ¢n a scale
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of missicn time with activities shown. Some of the mission
activities may occur at random times. This will be quite common
for shipboard situations. It would be impossible to formulate

an exact schedulie of events feor many shipboard systems. This
should not present much difficulty. A sequence is necessary only
to provide duty cycle times for equipment as a reference for
requirements analysis. A typical duty cycle should be assumed
and used for the analiysis.

2.2.3 System Operation: The time line analysis already per-
formad provides the basis for the study of system operation. The
activities may affect operating modes in a manner prescribed by
the function affected.

The radar system has a specified mission of 90 days of surveill-
nmnce with a four-hour tracking period upon target acquisition.
(Figure 3-14). Detection of a target is a random event, so that
frequency of tracking periods is indeterminate. This makes no
difference because all system elements operate the same during
surveillance or tracking.

For the moment let us assume that the computer in our radar
system is kept off during surveillance mode. Then, wvhen a
target is acquired the computer is switched on. It is kept on
until completion of tracking, after which it is switched off for
system return to surveillance mode. The time line for the com-
puter would show this intermittent operation as a blank during
surveillance ard a line for the length of the tracking operation
{ four hours).

2.2.4 Environmental Profile: A descripcion of all critical
environments as functions of time for a system mission is called

. an environmental prcfile. On board ship it is not always feasible
to consider environmental levels as a function of time unless the
environment is the predictable result of a pattern cf equipment
operation. Many changes in natural or operational environments, .
such as temperature, ship motion, etc., occur randomly. Fredguently
the most practical way to consider environmental levels on board
ship for estimation of reliability is to assume them to be con-
stant. The system will, of course, be designed to withstand the
most damaging operational levels. But for reliability analysis,
the assumed environmental level should be an average value, some-
where between most benign and most severe, according to the anti-
cipated frequency distribution of levels. The assumption of a
single value represents a simplification in the model affecting
the accuracy of the estimated absolute reliability. However,
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assumption of properly chosen constant environmental levels makes
the model sufficiently useful.

One example of a system whose environment is a function cf time

is an underwater television system. As the system is lowered in
the weztey, the amtient pressure increases at a rate proportional
to the rate of descent. The portion of the anvironmental profile
describing pressure would indicate pressure increase to a maximum,
a constant for some required time at maximum depth and decrease

as the system is raised, all as a function of time. It is nec-
essary to recognize the fact that this variation in pressures will
be present. But for the purposes of reliability estimation, un-
less the failure pattern for the system can be determined as a
function of varying pressure, a constant pressure will be assumed.
This will probably be chose:x as an average maximum level. The
environmental profile will be used in this case as a check to
assure that the problem of varyiing pressures has been taken care
of by design.

The environmental profile for the radar system might look some-

thing like the following: -
Electrical Subsystem: Range Nominal
Temperature 60° to 95°F 80°F

Relative Humidity 20% to 80% 60%
Salt Atmosphere, concentration, etc.

Antenna Subsystem:

Temperature -20° to 120°F 10°F

It is necessary to state the ranges of values so that design can
be checked at significant points within the ranges. Nominal
values are chosen for use in making reliability estimates, as
previously discussed.

2.2.5 Success/Failure Criteria: As discussed earlier, a system
has one or more objectives to fulfill. In order to fulfill its
objectives it is necessary that the set of measurable system out-
puts conform to a respective set of tolerances. These tolerance
bands need not be equal to the designed tolerance ranges but
should certainly include them. The ranges of reqQuired output
values may shift as a result of a change of mode of system_opera-




3-16

tion, as implied in the discussion of system opecration. The same
is true of input values as well.

If a system whose inputs and environments are within ranges
specified for successful system operation performs an entire
mission with its outputs remaining within tolerances required
for successful performance, a success is scored. IYf the inputs
and environments are within specified ranges and any system out=
put deviates from its acceptable range at any time during the
mission, it is considered a failure. If the system is restored
to operation witnin a specified allowable repair time a mission
success may sitill be achieved. Otherwise it will be scodred a
failure. 7Tf any input deviates from its specified range the
result should be scored "no trial", unless it is conclusively
shown that the apparent success or failure would have resulted
without the input deviation. It is evident that in treating
reliability data it is just as important to consider input con-
ditions and environments. These system inputs affect system
per formance as much as do the outputs. an obv;ous case is a
deck winch attempting to hoist too large a load. On ths other
hand, a PPI scope may be presenting an acceptable display, as
measured in millilumens, only becauwse the shl'p's a-c voltage

is too high. Such occurrences often result in false reporting
or non-reporting of failures.

The probability that the system will be able to meet the success
criteria depends on how stringent the criteria are. The criteria
are established from the system objectives and are the limits of
acceptable ranges of operaticn as previous described. 1In order
+o0 obtain uniform reliability estimates, these criteria must be
stated. They are also required in order to collect reliability
attribute (success/Failure) data or interpret variables (output
values) data.

For the radar system under study, the success criteria might
proceed as shown below in incomplete form:

OQutput Pulse:

Power 8 magawatts min.
Frequency 2198 + 5 mc
Pulse Width - etc.

Input sersitivity at 2198 + 5 mc: 20 mv max.



Tracking Accuracy:

Range +0.5
Bearing +50
Course - etc.

These criteria are not necessarily equal to performance specifi-
cations but the specified tolerance ranges must be included with-
in the success criteria. If the product meets all of the complete
set of success criteria, this is no absolute guarantee that the
system can detect and track targets 100% of the time chat the
system is so operating. A small target in rough seas may not be
success fully tracked, or a target might not be detected in heavy
fog. This is no reflection on the reliability of the system.

It simply is not designed to cope with these situations. In
other words, the input conditions in these cases of apparent
system failure are not as specified. Therefore, though the
system fails to meet its objective, it does not fail in its per-
formance. Success or failure depends both «<n input and output
per formance.

L4

3. LOGIC BLOCK REPRTSENTATION

Up until this pcint the model eliments discussed are those re-
quir ed for making any kind of rational system analysis. These
elements are mission objectives, functicnal flow diagrams, time
avalyscs, description of system operation, environmental profile
and success/failure criteria. Some degree of information is _
required for each of these elements. The accaracy of the analysis
depends on *he accuracy and completeness of the input data for.

each element. How these data are integrated in the model. will
be shown.

3.1 SIMPLIFICAT IONS

In the discussion of the generalized model, it was shown that
the exercise of a mode! requires detailed data regarding the
equipments, environment and interrelationships. All quantities
in the model are time dependent distributions. Due to model
complexity and lack of accurate data, it was further shown that
such a model is difficult to handle in most cases. Simplifying
assumptions which degrade model accuracy were given. Some of
these are restated here:

(a) Drift failures may be neglected;
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(k) System elements are considered te f3il independentlys

{c} A failure of any system element i
in inevitable system failure, unless a
procedure can supply the failed function.

These assumptions maxe it possible to construct a logic diagram
of a system from the functional block diagram. The logic dia-
gram describes the system coveration in simple terms, allowing
immediate derivation of a system reliability eguation. Several
forms of logic diagrams are evailable, including one that
utilizes symbols cof gate functions and time delays. One, that
is fairly easy to set up and understand, shows all possible
alternate ways that the system can perform its function. This
. iliustrated in Figure 3-19.

3.2 APPLICATION TO RELIAEBILITY

™

Estimation of reliability requires the use of a model to describe
the system in terms such that application of available retigbility
data produces the required reliability evaluation. The model
should .¢ only as complex as the system and its requiremec.its
demand. It will range from a single function block with a single
equation to a set of complex detailed logic diagrams with an
elabecrate computer program. Very complex mcodels are seldom re-
quired for shipboard systems.

To provide useful reliability measurement, the model must be
applied consistently. An assumption used for aprortionment must
alsc apply to prediction, demonstration analys’s and support
analysis. During design and development it is frequently
necessary to alter initial assumptions as more knowledge of the
system 1s gained. The consistency requirement of the model means
that the latest changed body of assumptions be applied to analyses
previously performed, if the results of these analyses are to be
applied in the future. The purpose of consistency is to permit
valid comparisons to be made. The measured achievement must be

in the same terms as the requirement. Measured growth must be
consistent with the period to whkich the growth is referred. The
value of the guantitative approach to reliability is realized only
when these mecasurements are made within the same frame of reference.
It is this consistency that provides discipline in veliability.

The reliability analys.:s model can be expanded to include other
characteristics or proyram constraints for trade-oft analysis as
digcussed 1n Chapter 25 and 26. The trade-off analyses provide
an 1nsight 1to the contractor's understanding of the developrent
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Tne amount of effort for trade-off is determined by the
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to complex of development.
4. APPLICATION QF THE MODEL TO DECISION MaKI:

As the design gets underway, the Criteria and Cenfiauration por-
mit selection of an appropriate nadel technigue {rom the avas

jou]
'

[

akle tools. The model is constructed by the design ewdineor,
by reliability engineers if so delegated. as tentative desiqn
environmental and seguence informaticn is develored, and bes
avallawie data (such as failure rates) 1s plugged into the mode‘,
1t can then beqgin to provide useful output.

Althcugh an apportionment of reliability ar? other design assur:
elemonts may have been made, the first mode. prediction is a far
sounder apportionment. Any discrepancy between predic

reguired value= can be apporticned rationally on the model struct-
ure, If rational appertionment to lower levels will nct reach
achievahle values, the desiga ¢ngineer has a problem.

From this time on, the model is used for regular {(such as bi-
weekly) predictions of reliability and other design assurance
parameters. Updated plots of the predicticn vs. schedule pro-
vide Engineering supervision wi*h regqular progress reports. At
the overall system levels, these providc progress repocts to
Management.

Since the model always expresses ocutputs as 2 functicn of
constituent inputs, derivatives therecoif may alsc be published.

A Sensitivity List may show the ratic of output improvement to

an arbitrary improvement of each component input {such as halving
the failure rate), in rank order of potential iwmprovement. Thus
the design engineer can quickly spot the best opportunities for
improvement.

Ancther derivative is the Ciiticality List, which ranks components
in the order of probability of causirg system failure, taking
failure modes and effects into account. This provides a basis

for design review, critical component identification and action,




and special handlina.

As design problems are brought inio focus, by the model or other-
wise, the model can be used to evaluate alternative sclutions.
The des;aJn engineer wmo.ely substitutes alternative configurations
and/or components intc the model, ana lets it calculute the con-
sequences. This is especially power ful if the model accounts for
total cost, as it provides the economic basis rfor a change.

The system model approach is a methodology designed to give co-
hesiveness and visibility of the problew. It is one Or many
methods of organizing data to identify tre complexities of inter-
relationships between the equipments. In the Radar example:

{a) The task was identified Ly the characteristics of :the
weapon, since the weapon identified the nature of the tcrget
and so disclosed its characteristics and ic¢.ntified the
nature of the operational employment of the ship. An alter-

ation t> the weapon or a change in wcapons (such as from
rifles to missiles) alters tne reguirement on the Radar. The
documentation provided in the model will clearly indicate any
need for change in the design of the Radar.

(b} The operating requirements, with tim2, environment, and
failure definitions, described the equipment adedgquately to
identify technolog.cal areas where problems may exist.

(¢} The model identified the reliability requirement, or a*
least laid the grcundwork for sucn identification. It will
assist in reliabilitv and maintainability prediction by de-
fining the equipment and cnticipated stress levels.

(d) It will be used to design test and demonstrition programs.
{e) During the entire develovment, it provides management
visibility of the objective and the progress toward achieving

that objective.

5. PERSONNEL AS A SYSTEM

The impact of personnel at every stage in the development of a
system cannot be ignored. People design, build, operate and
maintain the equipment. In many systems the subjective eval-
uation of the information provided by the display initiates the
succeeding operation. In other systems, the adequacy with which
maintenance is performed has a marked influence on the success




or faiiure cf the cguimient.

The modern "bklack box” concept in equipment Zesion has brought
the designer {.ce to face with the Liuman operator problem, e
he has to consider the characteri

istics Gf eiectronic "hlack boxes”
sc must he consider the haman "bia

i

ck box". Each unit irn a system
wili accept oaly certain inputs and emit only certain outputs and
earh in turn will operaie satisfactorily only when uasad within
given tolerances. The human coaponent is no exception. In order
t0o Sbtain reliable human periormance in a nan-machine system,

the ran must be able to work within his charastevistic tolecancss.
The design of the egquipment he operates mush match hiis Lingoedance
at both input and output stage.

As a "black box", man can e represented in the system as a
element as shown in Figure 3-23 to make the system complete. We
ist, in facr, consider the role of man in the civcuit. The 2ifec*
Gf man on the design process and his rmlatlonsk~" to the relia-
4

~1lity of the svstem will be discussed later. [Chapter 14).
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Chapter 4

PROBABILITY

Qur purpose in this section on probability is to acquaint you
with the basic ideas of probability underlying rhe analysis of
reliability. Our goal is not to convert engineers into
statisticians, but rather to create a common ground for the
efficient exchange of ideas concerning reliability.

The word probability is used loosely in our daily conversation
and we know vaguely what it means. We talk of the probability
of winning a game of cards or dice or a football game, the
probability of its raining tomorrow, or the chance of a person
living to be so many years old. 1In all these cases we are
interested 1., a future cvent, 2f which the ovuteome is uncertain,
and abouut which we want to make a kind of prediction. We would
like to be able to devise a way of measuring the probability of
xn event - not only to determine its probability. but also to
compare the probability of different events.

Historically, probability theory has had a strong relationship
w’th games of chance, i.e., gambling, such as roulette, dice,
poker, bridge, and black jack {(twentvy one). The one common
characteristic in all these games ~f chance is the unpredicta-
bility of what happens on a given deal or a given turn of the
wheel, i.e., on a given trial. However, as is known by any
indiviomal who has played anv one of these games, there is
regularity, and hence predictability, in the course of a large
number of trials. Probability theory is, in general, concerned
with the predictability of occurrences in a large number of
trials, i.e., predictability "in the long run” or "on the
average."

There are a large number of areas in which the characteristics -
unpredictability during a given trial and predictability over a
laxge number of trials - can be found. Probability theory has
found an application in each one of these areas. The diversity
of application of probability theory can be illustrated by list-
ing some of the areas in which this theory is used.

1. Theoretical Physics: Statistical thermodynamics
and quantum mechanics.

2. Nuclear Reactor Technology: Atomic Bomb development
and critical sizes of nuclear engines.




Lk

Communication Theory: Telephone trunk lines and
RF communicaticn links.

4. Insurance: Life insurance and automobile acrident
insurance.

5. Medical Research: Genetics and the. -y of epidemics.

6. Theory of Learning

1. STMPLE EVENTS

1.1 DENOTATION OF PROBABILITY

Since the term probability is applied tc so many different
events, it seems that one can hardly give it a definite meaning
without some simplification. Later on we will see that we must
extend the efinition to include more complex situaticns in
order tc have a useful theory. So, taking fundamentals first,
let us see how much we may already know about 3 methed of assign-
ing numbers to the likelinood of chosen events. Consider the
simple experiment, the tossing of a cein. ©On a sinale toss cf
the coin, there are only two cutcomes - heads or tails., Every-
cne will agree that if the coin is "honest,” ..., uniformly and
symmetrically made, and if the tessing is "fairly done,” there
is no reason to expect the appearance of a head ary more than
the appearance of a tail. In everyday language, we s¢&7 that
“the coin has 1 chance in 2 of falling heads”:; in technical
language, we savy that “"the prohability of heads is 120" In

SYMULS, we writes

0}

Similarly, 1In the tossing of 2 die, the facve with 3ix dots has

1 chance in & of landing on top; for it is assumed trat the die
i3 well made, thrown "fairly.” and there 18 no reason for expect-
ing any one face to turn rather than any other, We say that

"the probability of 6 dots on top is 1/6."  In symbols:
FoleY = 16

Litewlse, whern we take a card from a well-shuffled bridge deck,
we have:

L0
w3

P o(A)Y =/

i
.




1.2 FAVORABLE QUTCCME

Now, as an oxperiment, consider a 10-ticket draw for a prize. A
name is written on each of 10 tickets, **e tickets are then
thornughly mixed in a bag, and 1 ticket :s dr-awn. The person
whose name appears on the ticket so drawn 15 the winner.

It Susie's name appears on just 1 ticket, her chance of winning
the prize is 1 in 10, since all outcomes in the drawing are
"equally likely," that is, »ne of the 10 ticlets shall be Jdrawn,
and there 1s no reason for expect:.ng any 1 ticket to be drawn
rather than any other. Thus,

P {s) = 1/1v

Similarly, if Susi:'s name appears on 7 tickets, her cbance of
winning is 7 in 10, and

P (s) - 7/10

The general idea 1is that of separating from the whole st o
equally likely outcomes, the speciai subs

comes., We use the term "set’ to speak of group of anythina
with a particular chrracteristic, as +} et” ot all American
males. Wo use the term "subset” to mean a group o

et of faverable cut-
a
s

F\‘ {\

ot

.\‘
[

~

in the set, with some other characteristic as the subset of
"red-haired American males.’

The prohability of a favorable ocutcome s assigned by the
following rule:

. . number of favoerable
P (favorable ocutcone)

number of possibie

This method of assignine to a favorable
nunber, called 1ts probability, has an

for 1f there are no favorable o tcomes

Qutcasnes, thon

and, 1f all ~ossible cuccomes are favorahls, then
P {(faverabkle cutcome) - 1

It follows that

vy 1 . T. .
hE o o3 S OO (s
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that is, the probability of a faverable outcome lies within the
range of numbers from zero to l. For if a favorable outcome is
certain to happen, its probability is 1l; if it is certain to
fail, its probability is 0; in every other case its probability
must bhe between 0 and 1.

Another consequence of this method, since every outcome must be
either favorable or unfavorable, is

P (favorable outcome ) + P (unfavorable outcome)

1.3 NUMERICAL BASIS

The definition of probability is based on a count of the number
of possible results of a trial. Since there are six possible
outcomes of a throw of a single die, the probability of any one
number occurrirg is one sixth, assuming no bias. In general, if
an event can occur in m ways- and can fail in n ways, the proba-
bility of i%4s occurrence is m/(m + n), provided the ways are
exhaustive, equally likely, and mutually exclusive. '

The concept "equally likely" is basic: it can play the role of
the undefined element. 1Indeed, it=-is quite difficult to define
the term "equally likely" without using the word probability.
The term can be described as being the lack of any bias favoring
one way over another in the random trial.

The ways are "mutually exclusive" if, when one is known to occur,
the other is known not to occur. For instance, if the event is
the drawing of a single card from a deck and obtaining an ace,
there are four mutuvally exclusive ways of doing it: by drawing"
an ace of spades, hearts, diamonds, or clubs. If a single card
is drawn and it is the ace of spades, it cannot be the ace of"
another suit. Here the ways are equally likely if the drawing
procedure is not biased in favor of any .one card. The proba-
bility of drawing an ace is 4/52 under these conditions.

1.4 DEFINITIONS OF RELATED TERMS _ R

Some of the terms which were used in the deflh;tlons of v
probability and some other terms which will be needed la*pr are
defined as follows: J

1. Exhaustive: As used in the definitions of probability,’
- the term "exhaustive" means that all possilkle ways for
an event to happen are included. The reasons for this -
restriction in the definition should be obvious.




2. Trial: Each attempt under a certain set of rules to
produce an event A (where the ocutcome of the event 2 is
uncertain) is a trial. Thus, each repeated throw of
dice in a game of dice is an attennt to make one's
point. One nsually speaks of 2 random trial. The term
"random” implies "without bias."

3. 1Independent Trials: 1If the outcome of one trial does not
influence the outcome of a subsequent trial, the two
trials are said to be independent. Each throw of dice in
a dice game meets this criterion. However, the drawing
of cards from a deck without replacement does not meet
it, since the number of ways an event (drawing a speri-
fied card, for example) can happen changes with each
drawing.

4. Conditioral and Unconditional Probabilities: The con-
ditional probapility of an event 1s encountered when
information about the occurrence of some cother event is
available. 1If one is informed that a certain event has
occcurred, does this tell him anything about the probabil-
ity of the occurrenze . f an ther event? Knowing that
B has occurred, what is the probability of A occurring?
If the events are dependent, the krowledge that one has
occurred does modify the probability of the other, and
this probability is conditicnal. If nc infcermaticn is
available as to the result of an event on a previous
trial, the probability is unconditional.

2. COMPOUND EVENTS

Somy times the problem requires that a set of outcomes be con-
sidered a sinale event. The problem cof throwing a six each
tire on two successive trials, and the problem of drawing four
aces on successive trials without replacement are compound
events.

The determination of the provability <f success in these two
cases requires some refinement o our method of determining

possible outcomes.

2.1  SIMyLE COMRBINATICNS:

Expressions of the form “A or B" usc the word "or" i two
different ways: (1) in the exclusive sens.2, which ccnnotes "A
or B, but not both" (e.g., a ccin falls "heads or tails"); (2)




in the inclusive 3ense, which connotes "A or B or both" (e.g.,
“The weather looks as if it may sleet or snow.”} Ordinarily,

the context is a sutficient guide to the intendeo meaning. When-
ever the expression “A or B” is used in referring to events, we
will always use the inclusive "or"; in other words, event "A or
B" means "A or B or both". This inclusive "or" is defined in
probabilistic language as a "union" of sets.

"

The idea of simultaneous membership in two sets is conicted in

our use of “"and” when we talk about events. Thug, if events A

and B are subsets of a set, then "A and B" is their "intersection".
that is, the event "A and B" contains thcse sample elements that
belcrg to both A and B.

By using our definition of probability (2.2), three rules are
needed fcx the calculatica of the probabilities of compound
events. Let E and F denote events; then, we want to know the
probabilities of the following events derived from them:

a. The event "not B (E does not occur). (or "not F")

. The event "E or F" (either E or F or both occurj.

¢, The event "E and F" {both E and F occur).
For example, the event "E” may be "we ge%t a 6", the event "F”
may be "we get a 5". "Not E" is simply "not getting a 6°
{getting any of the faces from 1 to %). "E or F’ is "getting a
5or a 6". "E and F" is impossible for a single throw.

Rule 1. The probabilities of the events "E" and "not E” satisfy
+he eguation.

P(not E}) = 1 - P(E)

Example - Three ccins are tossed. What is the probability of
getting at least one head.

Solution - Since the questirn as stated really asks what is the
probability of getting one, two, or three heads, it c¢an be solved
more simply by computing the probability of getting 3 tails ({0
heads). There are eight equally likely outcomes (HHH, HHT, HTH,
T, HTT, THT, HTT and TTT). Only one of these (TTT) corresponds
to the requirement of three tails. The probability of thie is
1/8. This is "not E'. The probability of E (at least one head)
=1 - P (Not E) or 7/8, hence P(E} = 7,8.

Rule 2. If two events E and F are mutually exclusive, then
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P(E or F}) = P(E) + P{F}

Example - What is the probability that a card drawn at random
from a deck of cards is either & neart or the gueen of spades.
Call E the event "heart” ard F the event "aueen of spades”. By
our definiticn

13 1
= —— P = —
P(E) g and P{F) =
By rule 2
1 1 £
P{(E or F) = B, 1.4

52 T 52 T 52 ¢

Rule 3. TIf E and F are independent events, then
P(E and F) = P{E) x PI{F}

Example - From a deck of cards, two cards are drawn at random,
successively; the first being replaced before the second is drawn.
What is the probability that the first is a heart and the second
is not a king. If E denctes "a heart” and F denoctes "not a

king".
i3 48
- = (P = ——
P(E) 57 P({F) =
By rule 3
; Gy = 23 48 12
P(E and ¥) = 55 ¥ %5 © 55

2.2 COMPLEX COMBIMATIONS

2.2.1 Conditional Prokability: To introduce the notion of
dependent events consider the following example:

An urn contains 3 red bkalls ana 2 black balls. Two balls are L
drawn in succession without replacement. If the first ball
drawn was black, what is the probability that the second bell
drawn will be rec?

Solution: Since we know the first Cne was black, we are 3
actually in a new situation, - we have ar urL conlaining ) 5
3 red balls and 1 black ball; hence by definition, T({R) = 3,/4. R

If we [ocus nur attenticn on the event "getting a red ball", it
is8 cicur from the =2xample that the _robability of this event de-
pends upon the information one has at hand. The probability R
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usually isn't written as P{R) but rather P {getting red given
that black has occurrad), or symbelically F(RjB). This probabil-
ity P(RJRB) is called the "conditional probability of getting a
red ball on the second draw, given that a biack one was drawn on
the first draw."”

We saw that by taking into account what actually was happening,
P(R|B) was easily calculated. Another way of calculating P(R}B)
is the following:

Nunber the balls r;, Yy, Fa, by, bz; then list all the equally
likely outcomes of drawing two balls from the urn when the first
ball is not replaced. The 20 equally likely cases are:

r)r by Ty 2y Ty by byr by by By
:l' b2 r2, b2 r3, b2 bl, rl bz‘ r1
rl, r2 r2, rl r3, rl bl' rz b2’ r2
T1r T3 Far T3 T3 Ty byrxy by 1,

Since the first ball was found to be black, the equally likely
outcomes for the second ball being red are only those B among 20
original equally likely cases that have black in the first place:;
and the favorable cases for the second being red are those among
the 8 equally likely cases with red in the second place. 8o, we
have

P(R|B) = 6/8 3/4.
More generally, we have the following rule for calculating the
probability of dependent events.

Rule 4. If E and F are dependent events (i.e., the result of
event F depends on the results of an earlier trial of which
event E is a possible cutcome), then

P(E and F) = P(E) x P(F|E)

or inversely P(F|E) = Ei%zg§9_2l

2.2.2 Events not Mutually Exclusive: In the example under

Rule two the events were mutually exclusive. That is the success
of event E "drawing a heart” precluded event ¥ "drawing the

Queen of Spades.” They both couldn‘t happen on the same draw.
Suppose the question had been, what is the probability of drawing




a heart or a dgueen from the deck? In this case the probability

: . , 13 o
of event E, "drawing a heart” is Pip) = Tk The probabkility of
event F, "drawing a queen” is P(F) = 55" But the probkability

13 + 4 ]

P(E or F)} is not — since one event (the Queen of Hearts) 1is

52
common to koth. The events are not mutually exclusive. To com-
pute the probability of "either a heart or a queen’" the ratio of
the r:imber of hearts plus the number of queens minus the number
0f queens of hearts is taken to the total number of cards

13 hearts + 4 queens - 1 queen of hearts 16

B(E or F) = 52 cards -

|

(O]

Rule 5. If E and F are not mutually exclusive, then P(E or F) =
P(E) + P(F) - P(E and Fj).

2.3 SUMMARY

The probability of a simple event was defined in the ratio of
success ful outcomes to possible outcomes. The probability of a
compound event was shown to be equally the ratio of successful
outcomes to possible outcomes where the outcomes are described
in somewhat more complicated ways. The five rules given are
adeguate to compute the probability of any combination of
events, provided the probabilitievs of the individual events can
be determined. 7o facilitiate comprtation certain mathematical
techniques may be employed.

3. BINOMTIAL PROBABILITY DISTRIBUTION

3.1 LARGE NUMBERS OOF TRIALS:

Consider the following experiment: Ten coins are tossed. What
is the probability that exactly two of tnom are heads? This
simple pioblem is complicated somewhat by the fact that the
rmimber of equally lirely ~utcomes and outcomes favorable to an
event 1s large, and enumeration of them .s impractical. FPor
example, if we tried to list the ~rually likely cases we would
have

HHHHHHIH, HHHHHHHET, HHOHIHHATH, sTHHHHHTHI,
eeos, HHHHHHHHTT, HHWHHHHHHTTT, ...,

and so cn. To compute this probability, we can rcason as foll-
cws: Fach coin has two possible cutcomes, heads or tatils, and
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the occur~ mee ~f either of these to one dces not affect what hap-
pens to the cothers. Using the basic principle that i f event E can

th
Goour in m oweys and f in n ways then the event "E and F" can ccour
1

inm x n ways (by ruale 3} we can determine that there are alto- SRR
gether 2 x 2 x 2 ¥ 7 % ¢ x 2 X 2 %x 2 X2 % 2 = 210 equally likely L

outennes .

-
rut 249 = 1024 and it is no longer practical to list these in
order to lock through and pick out the outcomes faverakle to

some event.

Looking at the possible outcomes we can reason that there is only
one of the combinations that shows no heads (TTTTTTTTTT). The i
number of combinaticns that yield one head are 10, a head in any :
one nf the ten positions. Going onc step further, to determine
how many ways two heads can show, we know there are ten ways one
head can show. TIf one hcad has shown, there are nine ways a
second can show. The prcduct of 10 x 9, then, gives us the total
number of ways two heads can show. Since we make no distinction
between H(1)H(2) TPT.... and H(2)H(1l) T7T.... each success ful
outcome has been counted twice. S0 the number of comiinations
that yield two heads

10, . 10 w 9 e e s 100,
{ 2) is Ty The notation | 2) 15 presently

used in statistical work, replacing the symbol you probably
learned (yoC-).

Following the reasoning to compul the number of combinatilons
yvielding three heads, we can say that 1f 2 heads have shown,
there arec 8 remaining coins l2aving 8 ways the third coin can Se
show. So theroe are 10 x 9 x 8 possible ways 3 ccins out of 10 E

can be heads. Again there are duplications, in this case 2 x 3

or 6. The number of Jdiscrete combinations is (10) _ 10 x 9 x 8
3 1 x 2 x 3°

Continuing the reasoning we can state that

10 1l X9 x8B8 x /7 ¥x o X 2 %X 4
() - - ; - is the number of coumbinations
7 1 x 2 %3 x4x5x6x7
in whi~h 7 heads show. If we compute the number of combinations
. . , . 10 10 ¥ 9 x 8
in which 3 tails show, we find (7 .) = ———"> .
3 1 x 2 x 3

Since 3 tails is the same as 7 heads, these should give the same
10 10 x 9 x 8 10 10 x 9 x8 x7 x8 x B x A
result () - ————— = = - .
3 x A x B x8 x7

3 1 < 2 x'3 ( 7) T 1 x 20X
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3.2 DEFINITION

The product of all the integers from 1 to n is termed "n factor-
ial” or ni!. Using this notation, the term (?) can be written
n.

For the term (lg) this becomes

10 x 9 x (8 x7 x6 x5x4x3x2x1)_ 45. notin

1 x2x (1 x2x3x4x5x06x7x8) ! E
that the portions in parenthesis cancel.
The probability of two heads in ten coins is then 1324 = .044.

3.3 BINOMIAL THEOREM

This can be reached in another way. The number of ways (r)
successes and (n-r) failures can occur in n events is (7) as
defined above. The probability that an individual success (heads)
will occur is p, in this case 1/2. -

The probability that the event will occur in exactly this way,
(r) sucersses (heads) and (n-r) failures (tails) is

() P (1 -p" " or (1) p q"7" where q =1 - p.

This term, called the binomial probabilitv distribution, is
mathematically the same as the computation used previously.

Tables (1) are available that tabulate the terms for values of

n up *o 50 for any value of p between 0 and 1 in increments of
.01.

3.4 BINOMIAL AS A PROBABILITY DISTRIBUTION

The term probability distribution refers to the probability of
achieving various events.

The distribution of expected outcomes is proportional to the
probabilities of the individual outcomes. For the 10 coins,
the number of ways in which favorable outcomes can occur are:

AER
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Favorable Outcome ways Probability
0 Heads 1 001
1l Heads 10 .010
2 Heads 45 .044
3 Heads 120 .117
4 Heads 210 .205
5 Heads 252 .246
6 Heads 210 .205
7 Heads 120 . 117
8 Heads 45 .044
9 Heads 1¢ .Cl0

10 Heads 1 .001
1024 1.000

Plotting this on a histcgram provides this view of the bincmial
probability distribution (Figure 4-14;.

4. EMPIRTCAL PROBABILITY

G.1 FUNDAMENTAL CONCEPT

The previous discussicn of the Binomial Probability distribution
illustrated the fact thiat the probability that exactly r successes
woyld be observed in n trials ~ould be expressed as

where 9 = 1 - p and p i8 the constant probability of success on
each trial. In previous discussions, the probability, p, of
success on each trial was determined by deduction. However,
this binomial) distribution form can alsc be used when p is de-
termined analytically, say by an integration, and turns out to
b= an irrational number. Even when p is unknown - the only re-
Juirement is that p be constant for each of the n trials, The
discussion of Empirical Probability relates to the problem of
what can be done when p is unknown.

4.2 DEFINITION

In the events we have been discussing we have been able to
compute the probability of an event by enumeration. Wwe could
compute the number oi possible cutcomes and of these i1dentify
thoge we considered favorable. In a large class cf events,
however, we cannot identify or count the equally likely cutcomes.
Can we predict whether or not it will rain on the Fourth of July.
There are two possilble cutcomes, rain or no rain, but we cannot

ERER 4 de»wﬂ;ﬁé
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say they are equally likely. If we had maintained records of
rain in Washington over the last hundred years we could identify
the number of times event E "rain in Washington on the Fourth of
July"” had occurred. From this we could make an estimate of the
probability of its occurrence this fourth.

The probability given by our previous definition is called "a
priori," or prior, probability because the probability of an
event can be deduced directly without actual experimentation,

e g., the probabilities associated with a die are deduced
directly from observing the uniformity and symmetry of the die
and the "fairness" of its tosser. On the other hand, the follow-
ing definition requires that enough experimentation can be per-
formed in order to study the relative frequency of the occurrence
of an event; in fact, henceforth, we will confine our discussion
to prcbabilities of events that can only be determined by re-
peated trials and the use of this definition. Probabilities
defined in this way are called empirical or experimental. Thus
we have assumed that there is a number which gives the correct
probability of an event, although one cannot say what that num-
ber is. Furthermore, we will assume that the empirical probabil-
ity obeys all the rules developed for "a priori" probability.

If whenever a series of many trials is made, the ratio of the
number of times the even: E occurred to the total number of
trials is nearly some constant p, and if the ratio is usually
nearer to p when a longer series of trials are made, then we
agree in advance to define the empiricul probability of E as p.

443 THE ROLE OF "EMPIRICAL" FROBABILITY

Whenever the sulbject of tossing ceins arises, everyone readily
agrees that a priori probabiliiy of heads is 1/2. This, of
course, is because they believe that the symmetry and uniform-
ness of coins insure the equal likelihood of heads or tails --
whichfresults in the value 1/2. BAs an example, let us consider
tossing thumbtacks. When a thumbtack is thrown, it falls "point
up" or else "point down", and even though it possesses symmetries
and uniformness, it is very difficult (if not impossible) to
assign a priori probabilities in this case. To find the pro-
bability of "point up"”, one weould simple calculate the empirical
probability of this event. -
This was tried experimentally, a thumbtack being flipped 2750
times. Of these, the tack fell "point up" 2054 times. From
this we can define the empirical prcbability of "that" thumbtack
falling point up on any succeeding trial or series of trials as
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.747. One can then define the Probability of 3 "points up" in
S5 thumbtack tosses as (g) (.747)2 (.253)°.

We will jo into greater da2pth on the treatment and application
of empirical results when we introduce statistics several

lectures from now. The point being made here is that we can,

with certain justification, apply the results of past trials to
estiinating the probability of success or failure of future trials.

4.4 ASSUMPTION OF EQUALLY LIKELY EVENTS

Probability deals with the prediction of future successes. Once
a trial has taken place it becomes a statistic. It either
succeeded or failed. Probability is no longer associatsd with
that particular trial. The statistic, representing an event of
the past, does however provide some information useful in the
future. Having once conducted the trial we have some assurance
that if exactly the same conditions are encountered on some
future trial, the same results will be obtained. It is in the
inexactness of the repetition of conditions that probability
theory finds its place. 1In drawing from a deck of cards if the
23rd card from the top were drawn, this would be a certain card.
If the deck were again ordered exactly as before and the 23rd
card drawn, it would still be the same card. This is not &
probabilistic study. Probability assumes that the card is drawn
at random, that every card has an egual chance of being in the
position selected. Probability thzory assumes that there is a
certain, but not necessarily known, distribution function descri-
bing all possible outcomes of the event.

FaEi,

4.5 VALIDITY OF PROBABILITY THEORY IN RELIABILITY ENGINEERING

In the operation of equipment, failures occur. These failures

are caused by physical causes, such as wear, overstress, deteri-
oration, contamination, etc. In some kinds of equipment these
failures can be predicted fairly precisely. 1In others, they seem
to occur randomly, at unpredictable times. Where they are pre-
dictable, the cause is soon known. Where they are not, evaluvation
of the failures indicate many different causes. From this we

draw the conclusion that in the unpredictable case a large number
of factors are at work, each causing some of the failures.

R



5. FAILURE DENSITY FUNCTIONS

5.1 EQUIPMENT FAILURES

In the testing of equipment, and in its operation, records have
been kept of failures and operating times to failure. Histo-
grams have been prepared showing the relationship between opera-
ting times and failures. Amona others, the histograms shown in h
Figure 4-18seem to occur with relatively high frequéncy."lAv
histogram like this displays the distribution of times to fail-
ure and is called a"density function ." L[ngineers have identi-
fied these distributions as characteristic density functions
which describe, to a degree, the relationship of past failures.
to the incidence of the physical factors causing them. If this
interpretation is true, then the histograms shown may be used

as probability density functions describing the probability of
failure with time. Later we will impose some
severe restrictions on the use of these functions, but for. now,”
we will say one can be identified.

5.2 USE OF PROBABILISTIC MATHEMATIGS IN RELIABILITY

The dictionary defines reliable as trustworthy, suitable or fit
to be relied on. Reliability, then, is the degree to which
equipment may be trusted to do a job. Because of the. apparent .
relationship to probability t.aeory shown in testing, rellablllty
has been defined as the probability that equipment will. perform
within specifications for a specified time when operating in’a
specified environment. When we use the term "within spec;flca-
tions," included in the meaning is "failure-free operatioﬁ.f

In probabilistic language, reliability is the ratio of the

subset of failure free operations to the set of all attempted
operations. Probakility theory, and its application to estima-
ting the probability that a failure will occur, or will not
occur, within a cdesignated time, is one of the major mathematical
tools of reliability engineering.

6. APPLICATION TO RELIABILITY COMPUTATION

As we discussed in the last lecture, systems are not simple o
entities. They consist of a great many parts, each of which is"
subjected to different working conditions, environments, stresses.
In attempting to evaluate the reliability of an equipment or
system two approaches are available.

(1) Build some and test them, or
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{2) Test the parts ani combinc the probability of success
of all the parts in such a way as to determine the

probability of failure of tle assembled unit.

6.1 COMPLETL SYSTEMS

In the first apprcoach, we use the test results to determine a
single failure density function, the distribution of times *+o
failure. The fraction of failures that cccur prior to the time
of interest, t,, is used as the probability that a failure will
occur priecr to time t,. We cail this probability g;. The
number obtained by subtracting ¢, from 1, (l1-gq,), is the pro-
Lability that no failure will cccur pricr to time t,. This we
have 4defined as our reliability.

6.1.1 Two Useful Distributions: As mentioned earlier, two dis-
tributions have been found to occur most fregquently. These dis-
tributions have been approximated by mathematical functions use-
ful in computaticn cof the reliability. For recasons which will
become clear i~ the statistical sec*ticn, we normally predict

from the physical factors involved which distribution function
should apply, fitting cur data to the curve assumed. Two fun-
ctions useful for this purpcse are:

{a) Normal or gaussian
{(b) Exponential.

These are shown overlaid on the histograms of failure times in
Figure 4-20. The curves show the (idealized) probability of
failure at any time. The probability that the equipment will
have tailed by a :zime, t;, is the aggregate of the probabilities
tha*t it fails at times prior to t,, that is the area under the
curve from +* = 0 to ¢t = t,. Figured-21 shows the normal density
function and its relationship to the reliability function. 1In
A the hatched area shows the aggregate probability of failure

to time t,. This is the value g,. The value (1 - g,) is
plotted against time in B. This value is the reliability to
time t,.

6.1.2 The Normal (Gaussian) Function: This typifies the situ-
ation caused by wearout of a single part. It applies where the
failure pattern is caused predominantly by the failure of one
particular part, as for example in a pump with a bearing greatly
overloaded or of poor Jquality. The probability of successful
operation to time t,is the probability that that one part will
operate to that time. 1In this case, variations in guality or
lcadiny cause minor deviations from a characteristic or mean
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life. very few failuvres occur at times greatly distant from that
mean 1l1ife.

Tne characteristics cf this functioun are defined by two para-
meters. The mean life . and the standard deviation ~: u is the
measure of central tendency, the average of the recorded lives;
o is the measure of dispersion from that average.

Tables of the ordinates of the normal curve and areas under ine
normal curve with mean zero and standard deviation 1 are pub-

lished in most reliability books and many other books of mathe-
matical tables (2,. These can be used directly for reliability

-

compurations, entering with the value Z = t .

Example: FOr a part with mean life u = 8 hours and standard
aeviation ~ = 2 hours, find the probability that the part will
. 5 -
continue to operate for 5 hours. 2 = > 8 = ~1.5. From the
table of areas under the ncormal curve for 2 -1.5 we find the
portion of total area under the curve from -r to ~1.5 to be
0668. This is the probability that the part will fail by 5
hours. The reliability is one minus this value or 0.9332.

(Figure 4-23).,

Example: For the same part, find the probability that a failure

. e 6.8 10-8
will occur between 6 and 1C hours 7. = 5 -1 2, = 5 = +1.
The areas under the curve are, for 2, = -1, area = .1587 for
2. = +1, area = .8413. The area under the curve between 6 and

10 hours is the difference or .o0s56. The probability that a
failure will occur during this period is .6826.

6.1.3 Exponential Function: This typifies the "chance"
failure rate function found to be evident in a large preponder-
ance of situations. It appears to be typical of most electronic
systems and numercus mechanical systems. It indicates a bal-
anced design, in effect, where no single part (or few parts)
failures predominate. The charactaristic of the exponential
distribution is that the probability of failure is constant for
any equal periods of time. This constant probability is defined
by a characteristic mean time between failure, MTBF. The
density function, or distribution of times to failure takes the
form ©f the regative exponential equation re M where e repre-
sents the base of naperian or natural logarithms e = 2,71828
(Fig. 4-24). The reliability is again 1 minus the area Eo time t,
so R = e~'*Y where 2 is the regiprocal of the MTBF (= ngy) and
t is the interval or time of cperation of equipment. The symbol
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. v is defined as the failure rate. The characteristics of this
function are completel s defined by the one parameter, MTRP.  If
the value of this MTBF pararceter (or 1ts recipgrocal, ) s kKoown
then one can compute probabilities of failure cocarrences during
given intervals.

Examplc: The MTBF for a part is 100 hours. Find the probabil-
ity that the part will fail in the first 10 hours of operation.

(1o —t /100 <10 100
b) < =, —— > ’ ) - 1 ~ '
I(tf 10) o o0 ¢ dt e
-0.1
= 1 - e 1 - 0.905 = 0.095

The reliability of operation of this part over the 10-hour

-10/100
interval is e 10/ = 0.905.

Example: The reliability of a part is known to be 0.98 over a
150-hour time of operation. Find its failure rate.

’ 0.98 =

In 0.98 = - x 150

-3 x 150
e

~-In0.98  .uU2020Q
150 ' 150

.000135

Example: A part has »n MTBF of 100 hours. Compute the probabil-
ity that this part wil! not fail in the time interval T100 hours
to 200 hours) given that it operated successfully for the first
100 hours.

If we let A symbolize the event "no failure in the interval
7100, 200:" and B the event 'no failure in O, 100}, the desired
probability is seen to be a conditional probability, P(A!B).
According to the definition

] P{A and B)
P{A'B) -
| (A8 r(B)

xow, A and B is the event "no failure in the interval, [0, 200}".

-200/100 -2
e =

P{A and B) = = e
b P(B) o 71007400 -t
P(A!B) = e-z/’e—1 = e = 0.368

i oo st

VT




One point that should be noted is that the relizbility for a
period of time equal to the MIEBF is cnly .27. A second point is
also of interest -- given 170 hours of succesgsful cperation, the
probability of 130 tntore aours of successrul operation can be
computed on the same bhasic as 120 hours on new equipment. The
same statement can be made 1f we consider an interval of 100
hovrs after 277 hours of ~uccessful operation. In particular,
for the negative exponential case reszulis from tests i1nvolving
successfully used equipment ratheyr than new eguipment are still
valid.

This type of result is unigue to the negatie exponential and
is not applicable for Normal, weibull, or other distributions

of times to failure where the failure rats i not constant.

6.2 PREDICTING RELIABILITY QOF
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fail only if both (or all) parts fail. Using the multiplication
rule (Rule 1) with rule 1.

L

K= 1 - (l-Rl) X (l—R? X ee. X (l-RN)

6.2.4 Case 3, Series-Parallel: It is freguently the case that
both series and parallel situations exist simultanenusly in the
egquipment. To determine the reliability of the eguipment, re-~
solve each parallel situation into 1ts eqguivalent reliability
then the total may be treated as a series casc.

. SAMi LE COMPUTAT IONS

7.1 SERIES CASE - NORMAL DISTRIBUTION

Normal or gaussian failluro density functions. Assume an eyuip-
ment E consisting ot four parts {(A,B,C,D) (Figure -+-28),1in series,
with the following characteristics.
Standard
Mean Life Deviation

A 4 1

B 5 1.25
¢ o 1.30
g 10 2.50

miivrioal o vensity tunctions are alven oin Fie
13 y t - 3 < - 4 - - e g ‘e
The relrability of the cqulpment to time t 2 15 comritea as
ZNLI\"A:I‘:
- t - -~ -
O Aron R
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=
i) \l
X -.:,__?, _>2 LI ar7 o
A - 2. PR AT S22
i
v g
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[
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This, ot Chaprse, assures that all parts are new, starting from
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time O.

7.2 GENERAL SERIES CASE - NORMAL DISTRIBUTION

In the more general case, the parts have various operating times
already accrued, as for example when the equipment is operated
to failure, repaired and continued in operation. We might look
at the reliability of the equipment for some cther two hour
period, say, from the 14th to 16th hours {Figure 4-31).

Whe e thnis situation obtains, the normal curves have to be re-
drawn to start each a3t the time the repaired part started opera-
ting,still with the same mean life and same standard deviation.
The reliability for the two ‘iour period in question is still the
product of individual reliabilities. The prcpability that any
part will fail during a particular period is the area under the
normal curve for the period in guestion, obtained by subtracting
the area under the tail cf the curve {-= to t.).

Knowing that the eguipment has not failed at time t = 14,
implies each part has a conditional probabiiity of failure,
given that it has not failed at time t = 14. The conuaitional
probability that the equipment will fail during the pericd 14
hiours to 16 hov 3 is the ratio of the area under the in’iv:idual
curves between 14 and 16 hours to the area under the curve from
14 hcurs to +«», In the case shown, the reliabilityv of the
equipnent is found to be.

SERIE5 CASE - NORMAL DISTRIBUTION
TO FIND RELIABILITY OF EDUITPMENT E FROM TIME t = 14 to t = 16

PART A B C
1 time of last failure, 12.6 10.8 11.4 9.6
hours from 0
2 mean life measured 16.6 15.8 17.4 19.6
from last failure
3 gz =18 computed for  -2.6 ~1.34  -2.27  -2.24
(o4
14 hours
4 2z =E computed for  -1.6 +.16 .93 ~1.44
g 16 hours
5 Area under normal curve .0548 . 56036 «1762 .0749
(-« to 16 hours)
6 Area under normal curve .0047 .0901 .0116 L0125

(-» to 14 hours)
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PART _A B _C 5
7 Difference «0501 .4738 . 1646 .06z24
8 R <9499 . 5265 .8354 .C176
S R .3917

7ol SERIES CASE -~ EXPONERTIAL DISTRIBUTION

¥When the negative expoanential distributicon applies to the parts
failure rate#, the probability of failure is independent of
pricr operation. For any period of time t the reliabilit, of
the equipment for the serial case is the product of the relia-
bilities ¢of the parts, that is
-k _t -2t -3t At
B
RE = e X e X & X o

SR & W T W S ¥ ees )t
A lb A kD )

Yhe reliability of an equipment consisting of four serial parts
with MTBFs, as before of 4, 5, 6 and 1C hours, for a2 2-hour
period, can be computed as follows:

= - oMt
Part MTBF A= MTBF R e
A 4 25 606
B 5 .20 670
C 5 ¢183 0691 "'f“,.'.‘: A x
D 10 .100 .818 B
) M 733 SO |
i=a \
] i
R o= e QME_ =733 x 2 -lude? | o :

RARIRR . |
E DR

7.4 SERIES FARALLEL CASE - EXPONENTIAL DISTRIBUTION

In the previcus examples, it was assumed that the failure of any 1fﬁﬁ:
one component would cause equipment failure. If there are N
parallel components or series parallel combinations the principles ‘




Oof combiiiauivn o probauiirties discussed earlier apply. A com-
putation will be perfcrmel for suchk a combinetion to explain the
procedure.  An eguipment consists cf four parts, {(Figure 4-34)
with part B such that a failure of 3B, would not constitute an
equipment failure uniess B.also failed. Likewise a failure of
E. would not constitute equipment failure unless B, also failed.
We assume a negative exponential distribution of times tc fail-
ure for all parts. The reliability of the eguipment is the
nroduct of the reliabilities of each wart A, B, and B,, C and D,
where 3. and B. must bhe considered together.

MTBF ) R{2-hours)
A 20 .05 .905
B, 10 .10 .819
B. 15 L0067 .875
C 25 .04 .923
D 30 .033 .939

But the probability that both B, and B, fail is the product

(1 - R, ) »x {1 - RB?). The combined reliability is 1 minus the
product. Expanding the product gives Rg .= 1 - (1 - Ry )

(1 - Rg ) i )

il

1 - 1+ R}31+RB':_RB3RB2

= RB - RBQ - RB] RB2

1

RB1 = ,819
Rp. = .875
RB X RB = ,716

Rb] B, -378

x R, %« R

The reliability R_ = R X R ‘
PR R T g, ta ¥ et o

Thete last three terms may be combined as before to
~-(h. + Y _+ A )t
R e A D

ACD
-{.123)2
e

C

= .781

then RE = (.978) x (.78l) = ,752
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7.5 STAYDBY PARALLEL CASE - EXPONENTIAL DISTRIBUTION

The foregoing example assumed both B, and B, operating simultan-
eously as, for example, two generators operating in parallel,
where it is clear that one can handle the entire load without
increasing the probability of its failure. Let us look at a
slightly different situation, (Figure 4-36), two generators, one
operating the other not coperating unless the first fails, at
which tire it will be crubstituted for the first. Two switches,
S, and S, have been added to indicate the increased complexity
of the system.

The switch, S, or S,, can fail in either of two ways. Considering
Q. .

‘-’1'
(1) It can fail to causs a transfer from B; to B, when B,
fails;

(2 Tt can, in error, cause & transfer tc B, when B, has not
failed.

Let's take a closer look at that switch. It might be a starting
valve for the diesel engine driving generator B,, held in the
closed position against spring pressure by a solenoid energized
whenever there is a voltage output from B,. The valve is, of
course, locked closed electrically whenever the generator it
starts is running. Failure by the first mode might be a mechan-
ical failure, such as the valve freezing shut or a mechanical
linkage broken. Should this type of failure have occurred, the
valve cannot operate on a failure of B,, hence a failure of B,
would cause the entire system to fail. Failure of the switch

by mode 2 might be an electrical failure, an opening of the coil
permitting the valve to open, starting generator B, and connec-
ting it to the line. An interlock is presumably provided tc
shut down the diesel engine driving generator B,, disccnnecting
the generator from the line, where it remains ready to start
again should generator B, fail. Should the switch fail in the
second mode, the operation is still successful unless the gener-
ator B, fails. 1If this should occur, the identir~»1 switching
arrangement on generator B, cannot successfully transfer back to
B, since each attempt to transfer back will result in the switch
failure tryving to start B, and dropping B, off the line.

Looking at just the four eguipments (B,, B,, S, and §,) we can
identify the possible events that may occur. To describe the
possible cutcomes an abbreviated notation will be used.
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B, Means generator B, operates successfully.
B, Means generator B, fails.

SM, Means switch S, orerates successfully to transfer from

SE, Means switch S, does not fail electrically and so does
not cause an unnsecessary transfer from B; to B,.

SM, Means switch S, fails to activate to cause a transfer
to B, on the failure of B,.

SE, Means switch S; transfers the load to B, while B, is
still operating correctly.

The same notation will be used referring to the performance of
generator B, and switch S,. (Figure 4-38). Note that the har
above the abbreviation denotes unsuccessful operation.

The prohability that at least one of the eight indicated
sejuences occurs is 1.0. The sum cof the probabilities of all
possible sequences, then must idd up to 1.0. To compute the
reliability, or probability of success, we can compute the
individual probabilities that each successful sequence occurs
and add them, or we can compute the probability that each
unsuccess ful sequence occurs and subtract the sum from 1.

Successful Sequence 1 can be seen to be: B, operates success-
fully, S, does not fail electrically.

Success ful Sequence 2 is seen to he: B, operates successfully
but Switch S, fails electrically, transferring the load to B;.
B; operates successfully and S; dves not fail electrically.

Successful Sequence 3 can be seen to be: B; fails, Switch §,
operates mechanically starting generator B,. B; operates
success fully with no electrical failure of S;.

Consider now the question. What is the probability that either

B, or By, will operate successifully for a time t.
-(xB + XSEI)t

S = 3 =
R (Sequence 1) RBl X PSE, ]

1
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R (Sequence 2) = RBl x RB; X RSE; x {1 - RSEz)
t
-\t - (" L by -\ t
e B oxe B v (1 - ¢ 1y
nce i) = 4 R x (1 -
R (Sequence 3) RSM1 Y RB2 X SE. ( RBl)
t
-0 + 1 X 1 } () -t
E. "2 N
C o My B, SE: (1.6 B

-
Although this is not capable of reduction tn a form R = e ‘t,

i. can be solved to provide a numerical answer RBS' Tnls answer

can then be multiplied with the combined product RACD to obtein
the final answer.

Assuming a negative exponential distribution of times to failure
for the various components as in the previcus example, with
reliabilities of the switches as follcws:

MTBF )
SEl, SE2 50 .020
SM1, SMg 75 .013

The probability of the successful sequences can be computed to

be
1) .905 x .961 = .870
2) .905 x .039 x .935 x .980 = .032
3) .095 x .987 x .935 x .980 = .086

The probability of successful operation for a two hour period
can be seen to be the sum of the probabilities or .98§8.

The probability of successful operation of the system is
.988 x .781 = .763
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Chapter 5

RELIABILITY PREDICTION

Zeliability predicticn, performed as part of the system
development, 13 analogous to the analyses the designer makes on
measurable per formance characteristics such as voltage, pressure
or temperature. TIn design, the designer computes the expected
per formance values. He used techniques verified by previous
evperience. Later testing merely confirims his analysis. While
reliability is not measurable in the same sense, it 1s a tangible
ctaracteristic of the design. Reliability prediction is the
analytical method of determining w™at the consecuences of design
decisions made kefcre the manufacture and test of tne equipment
will be. 7Tt is based on technigques confirmed by previous ex-
perience. It provides a gyuantitative measure of the reliabilit,
of the equipment as designed which may be compared to the reguire-
ments to assurc that the final desiagn has achievea those
requirements. The operational reliability of the eguipment may
be compared against the predicted value to identify areas where
improved training or improved production processes can be
effrctively used, In this chapter we will describe how the
prediction is per formed.

As described in Chapter 3, the prerequisite for performing a
system aralvsis is a deaccription of the systenm. This description
is usefully provided by a system model, including

(a) Identification of the system +o its component
rparts.
(L) Definition of failure of the system 1in terms of

functions required.
{c) Environment in which the system must operate.
‘q) Time of reguired operation.

For reliakility prediction, the system model must describe the
relationship between component failures and system failures.

This relationship for most systems can be adequately represented
by either secries (serial) or parallel. (redundant) models or by
combinations of the two as discussed in Chapt.r 4. 1In the series
system it is assumed that a failure of any of the components will
result in the failure of the system, or in other words, the
system will operare successfully only if all the components
operate successfully. This 1s arnalogous to g serievs electrical




As a yuick review, the svstem modols can b2 mcore precisely

described in terms of events, the s.ocess or faliare of ot

compenants of the system, Let § dennte the event that the
s +

. - < s _ +3
is successful and S84 the cvent tha!t the J°
successfully. The event S in a cries system made up of =
com as a combination of theo ooonts

192}

penents can be expreszed
=1, 2,...,m, 3

j '

the intersecticn of the events Ss. In a similar way, the evont
S in a varaillel system can be expressed as a

~

the events S;.
4

combination ©

S = 81 ¢ 53 0r...or 5n

the union of the Sj.

b
1

The reliabil 'ty of the series system can then bz written

in which Ry is the reliability of the %M compenent. 1In the
same manner, the reliability cof the parallel system hecomes
m m

R = P(s) =1 -1 (L-p(s3)) = 1 - N (1-r.)
j=1 =1 )

Technigques useful in the analysis and prediction of eguipment
reliability have been unde development since about 1957. 1In
the field of electronics the techniques have been developed
extensively; the methods utilized in evaluating reliability in
mechanical systems has been a more recent development. At the
same time that the prediction techniques have been evolving,
emphasis has been placed on the gatherina of failure-rate data
on parts and the weasurement of reliability of existing equip-
ments in order to provide uumerical significance to the various
mathematical expressions used in describing reliability. It
must be remembered that the real value of these numerical
axpressions lie not in the nunber itself, but in the information
1t conveys and the use made of that information. Reliability
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Predictions do not, in themselves, contribute to the reliability
of a system. Control c¢f failure frequency for any system can be
improved with more complete knowledge of failure modes and fail-
ure mechanisms (Chapter 12). Reliability predictions provide a

set of criteria for selecting courses of action for this investi-
gation and, therefore, affect the actual reliability of a system.

Reliability prediction techniques are those methods used to
obtain a numerical indication of the inherent reliability of a
device. Inherent reliability is the reliability potential of the

design, excluding the degradation which will occur in production,
storage and operational use.

1. STAGES OF DESIGN vs PREDICTION

Reliability predictions should be started as soon as the design
kegins to take shape in identifiable components, before the
selection of such components as parts of the system is made.

The prediction should be used as a working design tonl, used to
compare the effect of alternate possible courses of action so
that tne best can be selected. The prediction should be kept
~arrent as the design becomes more fixed, to be used in evalua-
riorn of inter face problems, to confirm previous analyses as test
results accrue and to provide an analytical evaluation for

proposed changes. The prediction changes as the design develops
as follows:

1.1 PRE-DESIGN

‘redicrtions made in the pre-design stage are based on little or
no detailed design intormation. They are used in feasibility
studies, evaluation and comparison of alternate design configura-
tions, and in reliahility allocation. Because of the limited
informarion on which *hey are based, these predictions cannot be
as precisc as later prediction. These initial (pre-design)
predictions do not cuntribute appreciably to identifying

spvecific reliability problems or indicating areas of data de-
ficiencv. tilowever, %v influencing decisions on design concepts
and +re¢ scope of the reliahility program, they can have a

3enstanrial influence on system reliabhility and system develop-
mert,

1.2 DESIGN

re-design predictions must be updated periodically in order to
»+id. in making timely decisions on design details as well as on
*he: cothier elements of the program. Predictions during the design
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phase are made after the pre~design prediction and prior to
design completion. As the design progresses, consecutive
predictions can be made with increasing precision. These
successive predictions will be based on the accumulated knowledge
of the parts to be used, the application stresses, the manner in
which the functions are accomplished, and the envircnmental
conditions to which the parts will ke subjected.

1.3 COMPLETED DESIGN

When a design is completed, an updated prediction is made. This
prediction will be the best reliability estimate, before actual
reliability measurement through operational testing, because it
will reflect complete design information. This is not the final
prediction to be made on this design, however. As the design is
changed the reliability prediction must be revised accordingly.

2. RELIABILITY PREDICTION APPROACH

)
3
y—

TYPLE 58 FAILURE

A system is a collection of parts mechanically and/or electri-
cally joined together in order to perform certain specified
functions. If a system is capable of satisfactorily per forming
its functions at some point of time, it will continue to have
that capability until a significant change occurs in the opera-
ting characteristics of some part, or group of parts. Part
failure cccurs when the characteristias of a part, or group of
parts, have changed to the point where they exceed the limits
within which the system functions are satisfactorily per formed.
Whenever a system fails, a group of parts have failed. Thus,
the reliability of a system is directly related to the number of
parts it contains and the reliabilities of these individual parts.

The prediction of the reliability of a system is the determination
sf the expected reliabilities of individual parts as they are used
in the system. The reliability ¢of a part is determined by three
factors: {a) characteristics of the part at the beginning of

the operating per..d of interest, (b) the characteristi~ limits
which constitute failure, and {c) the magnitude of the changes
occurring in characteristics during the period of operation,

which may be direc¢tly related to environment, or physical or
electrical stress.

We consider two categories of parts tasiure. The first

(Catastrophic Failure) is that in which functional character-
istics change abruptly and drastically, e.g., a tube becoming

Tiei s ..,umzﬂmm
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inoperative dve to heater opening or a pump bearing seizure.

The seccond category (Drift Failure) is that in which there is a
relatively gradual change in measurable functional character-
istics until operation is no longer satisfactory, e.g., a tubc
whose transconductance diminishes to the point of failure due to
a build-up of interface resistance, or the gridual wear on the
pivot cf a cam, permitting a wmisalignment in an operating
mechanismn.

Prediction of failure is a process that remains basically the
same regardless of the data or procedures used. It is based on
the premise that like parts have approximately the same relia-
bility in one system as in any other system, if they are
subjected to the same stresses. This permits the -~ovplication of
data cbtained from prior operation of parts to predict their
reliabilities in new systems.

At this point we must further clariiv the relationship between
part failure and system failure. A part used in a redundant
element of a system cannot cause the system to fail unless the
other redundant element “fails." For parts in a redundant
element, failure is redefined as occurring when the character-
istics of 3 part, or group of parts, exceed the limits within
which the system's functions would be satisfactorily per formed
if the part(s) were not in a redundant path. Therefore, the
reliability of a system which contains redundant elements is not
simply the product of the reliabilities oi its parts. A more
complete formula relating system reliability to part reliabili-
ties must be used for predicting the reliability of a system
which includes redunlancy {see Chapter 4).

2.2 VALIDITY OF THE EXPONENTIAL DISTRBUTION

The assumption of the exponential distribution of times to
failures in conducting predictions of reliability of systems is
usually made because of three facts.

(a) In general, sufficient data is not available to
provide confidence in the selection of an alternate

distribution.

(b) The mathematical computation is greatly simplified
by this assumption.

(c) It provides answers on the conservative s=side.
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Lacking any theorctical basis for assigning a distribution of

time to failure, one naturally turns to empirical data for
possible gencralizations about the nature of the distribution.

In 1952, Davis (3) published an article containing an analysis

of failurec data from a wide assortment of unrelated systems. He
concluded, "The exponential theory of failure appears to descrlbe
most of the systems examined here. Those systems which exhibit
reasonable agreement with this failure theory are characterized

by predominance of human crrors as the cause or a careful and

well developed operating technique for minimizing failure.

Systems which are subject to a wide range of environmental
severity also appear to follow this pattern.” He also found

that some of the systems examined generated failures in a way

best described by a normal distribution, but these systems were
characterized by what we now refer to as wearout failures.

The Davis article has been referred to quite often as justifica-
tion for the assumption of an exponential distribution of the time
to failurc of electron tubes. Further evidence was published in

a series of ARINC monogravhs (4, 5,_6, 7), in which a large

number of electron tube failures were found to fcllow an
exponential distribution. Other electronic components, however,
were found to fail in a manner best described bv a normal X :
distribution. Kao (7) has more recently found that a Weibull .
distribution best fitted the failure data relative to over two |
thousand electronic tube fzilures. Weaver and Smith (8) have |
fourd that the failure times of certain electromechanical devices -

can best be fitted by a mixed Weibull distribution. The above |
evidence casts doubt on the notion that a single distribution
can safely be used to represent all types of failures.

MacFarlane and Mickel (9) show that ‘the exponential time to
failure assumption provides a reasonably accurate soliition in /
the case of normally distributed times to failures where each. ”E
failure is repaired as it fails, as long as the standard devia- .
tion is greater than one tenth of the mean life of the parts.

The important concept is (Figure 5-8) that when a population of

li ‘e parts enter service together at time t = o, they will all

fail in a greater or less concentrated period centering about
their mean life. When, however, each of the part population has:
been replaced several times, thereby maintaining the populatidn;d“
the individual ages of the replacements become so well mixed -
that failures and renewals occur in nearly random fashion. As, S
the equipment becomes more complex and as parts each portraylng
individual failure characteristics increase in number, the R
"Random" approximation improves in accuracy.

" - |
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The best procedure to follow in sclecting the distribution to
use in the computaticn is to examine whatever evidence might be
at hand, select a distribution which seems to be compatible with
the evidence, and submit the selected distribution to suitable
statistical tests of goodness of fit. For example, if it seemed
reasonable to the engineer that a constant failure rate would be
a characteristic of the device, one may hypotiresize *hat the
time to failure follows an exponential distribution. If wear
out failures are expected, a normal discribution mayv be a
suitable first estimate. Experience with similar devices may
indicate that a Wribull distribution is appropriate. In the
absence of arvy tochnical reasons for selecting a particular
distribution, one might examine ~everal of the distributions
which may be compatible with t e expected failurce pattern. The
wWweibull, exponential, normal, and gamma distributions would all
be suitable candidates for a first approximation. Distributions
of time to tail re are carried to greater depth in Chapter 9.

For the  arposes oi prediction of reliability, in the absence of
goo-i information on the distribution of times tc failure, the
assumption of the negative cxponential distribution should

be used,

2.3 RET.IABILI:Y PREDICTION APPROACH

; To accunplish the prediction of reliability of a complex system,
i the fol owing steps are recommended.

“

4 (a) Develop the system model (Chapter 3)

(1) Mission Objectives and Regquirements

: (2) Functional Flow Diagram
' (3) Ev.nt Sequencing and Operating Times
(4) Syst :m Operation Modes
(5 Environmental Profile
(6) Success/Failure Criteria
() Logic Representatiun
(b) Develop a formula for the combination of individual

failure rates {or mean times between failures) of
the subsystems or components to derive the
reliability of the system (Chapter 4).

S

(c) Tompile parts lists for subsvetcas or components.

' (a) Perform Stress Analysis.




(o) Assign failure rates to parts.
(f) Combine part failure rates to determine relia-
bilit ..~ nf subsystems or components.

(g) Compute system reliability.

2.4 COMPILATION OF PARTS LISTS

List the individual parts comprising cach block of the ,elia-
bility block diagram. Even though all parts of block are listed
only those parts which can cause the failure cf a block are
considered in the reliability prediction. Parts lists wil:
serve as basic worksheets to determine stresses, part failure
rates, and estimates. When entering part descriptions, al o
recerd ratings, operating voltages, currents and power di.s. Da
tion.

2.5 STRESS ANALYSIS

Record on the worksheet the of r- ing voltages, currents and
other characteristics needed to 1l ~ulate stress lovels of
electronic equipment (for mechanices eguipment, a limited amoun:
of data is available correlating th. rate of failure with stress
levels).

(a) Determine from design anal ysis and/or actual
measurements the operating voltages, currents.,
power dissipation, etc., tor each part.

(b} Calculate the stress levels by comparing opera-
ting characteristics or cond/ticns with the
rated values.

2.6 ASSIGNMENT OF PART FATLURE RATES OR PROBABILITIES
OF SURVIVAL

This step in the reliability prediction consists of assigning
failure rates, or some other measure of reliability, to the
individual parts. Most part failure rate duata is computed
assuming a ncyative exponenti~l distribution. The stress levels,
determined in the stres- analysis, ambient temperatares, and
other applicable information will be used to mouify or adijust
these failure rates for use in a particular s,;stea and or
application. If th> stress lovel!s ov the environnental
characteristics vary during a mission, separav. faiure rates
‘A18t he ralcalated for esoh nission phase.

P——.




It is evident that a key factor in making a reliability predic-
tion is the determination and/or availability of failure rates.
In some casres the failure rate of an equivalent equipment can be
obtained directly from past performance data. However, the
failure rate of an equipment is not generally available in the
design stage. This is due to the lack c¢f operating and failure
data from which a failure rate could be determined. Therefore,
the determination of the failure rate of ar c7uipment while in
the design stage is usually based on the details of the design
that are known, i.e., types of parts, ratings, type, duration
and magnitude of stresses expected. and the kind ot operating
and failure aata from which the expected failure rate can be
de+termined.

2.6.1 Sources of Part Failure-Rate Data:

A. Shipboard Applications

1. Handbook for the Prediction of Shipboard and Shore
Electronic Reliability by R. G. Stokes (NAVSHIPS
93820, Apr. 1961).

2. A Summary cf Reliability Prediction and Measure-
ment Guidelines for Shipboard Electronic
Equipment (Vitro Labs Rpt. #98, Apr. 1957).

3. Techniques for Reliability Measurement and
Prediction Based on Field Failure Data (Vitro
Labs Rpt. #80, Oct. 1955).

4. Study of Maintenance Cost Optimization and
Reliability of Shipboard Machinery (United
Control Corporation Report, June 1962).
(AD253428.)

B. As a Function of Electrical & Environmental (Extornal)
Stress

1. Reliability Stress Analysis for Electronic
Equipment (RCA Rpt. #TR-1100 or NAVSHIPS 300-193.
Nov. 1956). (RCA Report TR59-116-1 updates this.)

2. Philosophy and Guidelinos for Reliability Predic-
tion of Ground Electronic Equipments (RCA Rpt.
#RA-57, Oct. 1957).

Y. Reliability: Predicting Thermal Results by
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T. C. Reeves {(Militarw Electronics, July 1357).

RADC Reliability Notebock (Repcrt #RADC-TR-
58-111).

Reliability Stress Analysis for Electronic
Equipments, MIL-HDBK-217, 31 Dec. 1961.

Prediction of Field Reliability for Airborne
Electronic Systems, ARINC Research Corpcration
Publication No. 203-1-344, 31 Dec. 1962.

Utilizing Adjustment (K) Factors

l‘

Investigation of Electronic Equipment Reliability
(Aeronautical Radio, Tnc., Air Force Reliability
Assurance Program, Progress Rpt. #1, Feb. 1956).

Improved Techniques for Design-State Prediction
by H. B. Brown. W. C. Fredrick, and H. J. Kennedy
(Air Force Reiilability Assurance "rogram, [Frogress
Report #2, ARINC Research Corp., Pub. #110-1-136,
Apr. 195%9).

Reliability and Maintainability of Military
Electronic Equipment ky J. 4. Hershey (Bell
Telephone Labs, 3rd Signal Maintenance Symposium,
Apr. 1959).

Reliability Analysis for Electronic Equipment,
Radio Corporation of America, TR-59.416-1,
Jan. 1959.

“Component Part Failure Rato Analvsis for
Prediction of Eguipment Mean Life,” R. L.
Vander Hamm, Collins Radio Co., CTR 195,
March 1958.

"Reliability Evaluation Technigues for
Electronic Equipment,” Defense Electronic
Products Division, Radio Co' peration of
America, Central Engine2ring, Camden, N. J.,
Vol. 14, 1962.




Generic Failure Rates & Application (K) Fuctors

1.

Component Part Failure Rates Associated with

Installation Environment by D. E. Earles
(Martin-Denver Report #M60-47, Dec. 1960).

Reliability Growth Predicticn During the Initial
Design Analysis by I'. R. Earles (Proceedings of
the 7th National Symposiun on Peliability and
Quality Control, Jauuary 1661).

Reliability Application and Analysis Gulde by
D. R. Earles (Martin-Denver Report #M60-54,
Failure Rate Handbook, July 1961).

Bureau of Naval Weapons Failure Rate Data Hand-
book, (FARADA). U.S. Naval Ordrance Lab., Curona,
California. (Available only to gualified
contractors and government agencies.)

Failure Rates, D. R. Tarles and M. F. Eddins,
AVCO Corporation, April 1962. (An updated
version appears in Proceedings, Ninth National
Symposiwn on Reliability and Quality Corcrol,
Jan. 19%3.)

Temco Reliability Manual - vo'. I, C. M. Schwalm,
Tem:> Electronics and Missiles Company, Dallas,
Texas, July 1961.

Mechanical and Electro-Mechanical Devices

1.

Proposed FProcedures for Reliability stress
A~alysis of Mechanical and Electre-Mechanical
Devices by I. Kirkpatrick (RCA, Ltd., Repore
#1766, Feb. 1958).

Reliability Analysis Data for Systems and
Comwonent Nesign Engineers, General Electric
Company, Missile and Space Vehicle Department,
Report TRA-R73-74, distributed by U. ¢. Depart-
ment of Commerce, QOffice of Technical Services,
washington 25. D. C., as FB 111080,

Assigning Reliability Indices

1

Prediction of Missile Reliability by H. R.
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Powell and M. J. Kirby (Sperry Engineering
Review, Jul.-Aug. 1955),

Active Elements

1.

One Reliability Prediction in Satellite Sy§£ems
by G. T. Bird (ARINC Research Corp. Dub. #4226

1-205, May 1969).

A Technique for Estimating Ballpérk Reliability
Figures by Tube Counting (RADC Rpt. #RADC-TN-
58-81, March 1958).

Part Variability

1.

Designing Reliability into Electronic Circuits
by A. H. Benner and B. Meredith (Proceedings
of the National Electronics Conference, Vol.
10, 1954).

Circuit Design Congepts for High Reliability
by F. E. Dreste (Proceedings of the ©6th
National Symposium on Reliability and Quality
Control, 1960).

Statistics: 'Key tﬁfReliab}e Military Electronic
Design by F. E. Dreste (Military Electronics,
Vol. VI, No. 3, March 1959).

Tﬁe Evaluation and Prediction of Circuit

Per formance by Statistical Techniques by

S. Marini and R. T. Williams (Prcceedings of
the Joint Military-Industry Guided Missile
Reliability Symposium, Nov. 1957).

Designing for Reliability by S. A. Meltzer
(IRE Transactions on Reliability and Quality
Control, Sept. 1956).

Reliability and Components Handbook (Motorola
Western Military Electronics Center, Jan. 1959).

Electronic Parts Failure Rates Analysis by D. J.
Fisk, Hughes Aircraft Company, Aerospace Group,
Culver City, €ualifornia, Feb. 1963.

Reliability Data Book - Engineering Reliébility,
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Martin Company, Electronic Systems and
Products Division, Baltimore, Maryland,
June 1962.

These sources contain part failure rates based on part character-
istics and applied stresses. The same source ~f failure rates
should be used throughout all reliability pre 1. tion calcula-
tions (for a particular sysi:em) because the fallure rate for the
same part may be different in each of the sources. This is

due to the fact that the ¢ailure rates in each source are not based
on the same operating conditions and/or failure criteria. These
sources categorize parts and tubes by their physical character-~
istins and function. Variations in failure rates are presented
as a furction of stress severity expected and the stress level
for which the part is rated, i.e., voltage, power, frequency,
temperature, actuation rate, speed of rotation, etc.

2.6.2 Failure Rates: Failure rates can be expressed in various
ways :

(a) Failures per hour

{n) Percent failures per tho;sand hours
(c) Failures per thousand hours

(d) Failures per million hours:

(e) Bits
' A

The bit is usually considered to be the minimum failure rate
which would be experienced and is equal to l X 10"8 failures per
hour. ; o t\

Table ). is provided as an aid in converting failure rates to the
desired units. To use the table, select the units to be. convert-
ed at the left and multiply by the factor at the intersectionﬂ\.~
with the column headed by the desired units, e.g., to convert a
failure rate of 1.4% failures per thousand hours to failurea;per
hour, multiply 1.4 by 10~5 to obtain 0.000014 failures per hour.

3*
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Bits Fails./10°hr

(&)

Bits 1 10-2 103 1072 108

Faiis/106 g2 1 16-1 10-3 10-
nrs

/103 hrs 103 10 1 10-2 10-°

Fails/103 10° 103 104 1 10-3
hrs

Fails/hr 108 10% 10° 109 1

2.6.3 Envirommental Stress Correcticn: The availability of

dependable failure rate data is essential in order to arrive 2t
a meaningful reliability prediction. Unfortunately, the data
available from the wvarious socurces are based on dissimilar
failure criteria and/or different use envirconments. It is for
thi1s reason that the tabulated failure rates may vary consider-
ably. & list of a few basic failure rates frum thirteen sources
is presented in Figure 5-17. 2An inspection cof the table shows
that it is not uncommon *n nave variations of three orders of
magnitude for many types cof parts.

For example, the data presented in MIL-HDBK-217 are based on
three classes of ground-based equipments; i.e., a long-range
search radar, a communications radio set, and a radar identifica-
tion set. Part fuilure rates are considered to apply to grcund
based or laboratory bench conditions. In comparison the Jdata
presented in NavShips 93820 was based on average severity levels
found to represent several dozens of equipment types used in
shipboard applications. ARINC Research Report 202-1-344 was
based on some 200 million hours of operation in 9 different air-
borne ayetemz,

It is evident that care must be followed in selecting and utili-
zing any source of failure rate data for a specific system and/
or application. There are wide variations in the quality of
failure and data analysis as well as the effects of factors svrzh
as success/failure criteria, applied stresses, ard operating
environments. Many types of parts do not have derating curves
available. The FARADA Handboock offers by far the widest selec-
tion of data, with good source documentation. Care must be takcn

[
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when using FARADA to convert failure rates tc a common environ-
mental base.

In many reliability prediction procedurez the basic part failure
rates must be modified to take into account the expected environ-
mental, electrical, mechanical, and thermal stresses. A reasonable
point estimate of system reliability can only be made after
extensive stress analysis. The predicted reliability may not be
as accurate as is desired, but the procedure is useful in focusing
attention on potential areas of unreliability.

Tn genevral, correction taciorc will take a furm simiiar to the
following equation:

Xa = )\e)(K’KﬁKgOOOKi...Kn),

wher« %, is the adjusted failure rate, ), is the basic, or gen-
eric failure rate, and K, represents the correction factors
nceded to modify the basic failure rate due to differences in
applied stresses, ratioc cf likely t#olerance failures to random
catastrophic failures, external environments, maintenance pra-
ctices, complexity, observed cycling effects, etc.

Reliability prediction techniques vary in the degree of utiliza-
tion or consideration ot correction factoers.

a. AVCO mcthod (Report listad in paragraph 2.6.1 D3): 1In
order to predict the failure rate of a system, the parts generic
failure rates, which have heen normalized to laboratcry computer
conditions, are multiplied by application or derating factors
and then by facters which represent the installation environment.

b. MIL HDBK 217 method (Reliability Stress Analysis for
Electronic cqguipments): To obtain a failure rate prediction
for a system by this method, the parts basic failure rates are
modified by expected electrical and thermal factors and then
further modified by a factor related to the environment in
which the system is expected to operate.

The following table compares the environmental factors used in
the AYCO method with those used in the MIL HDBK 217 method.
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TABLE 2 A

Installation Environment Environmental Correction Factors

AYCO MIL HDBK 217
Shipboar« 15.0 1.0
Ground 8.0 l.0
Aircraft 50.0 6.5
Missiles 900.0 80.0
Satellite: Launch Phase 900.0 80.0
Boost Phase 800.0 80.0
Orbit Phase 1.0 1.0

2.6.4 Special Cases: Data applicable to parts whose failure
rates change with time, to one-shot devices and/or to parts
whose probabilities of sturvival do not dzspend on time, should
be recorded in the form of a probability. 1If the probability of
survival is time-dependent, tihe corresponding value must be
recorded for each of the time periods under investigation.

2.7 COMBINING PART FAILURE RATE TO OBTAIN SYSTEM OR COMPONENT

RELIABILITY

In the Radar example of Chapter 3, an example of redundant use
of controls, transmitters, receivers and indicators was shown.
The logic diagram, at the bottom of the chart (Pigure 3-19) shows
the alternate paths that would constitute success, similar to
the example in Chapter 4, (Figure 4-37). An alternate method of
a mapping technique for solving problems of combined series-
parallel probabilities is given in Reference 10. fThe logic dia-
gram shown describes the rule of combination of probabilities
for the combined system. For each component (controls, synchro-
nizer, transmitter) the subassemblies wust be identified and a
block diagram constructed to show the interrelationships so that
any redundant sections can be identified. It is not usually
warranted to attempt to evaluate redundancies between parts,
(transistors, capacitors or relays), since in the usual design,
such redundancies will have a relatively insignificant effect on
the system reliability. In some special cases, where such re-
dundancy is employed as a reliability improvement technique to
solve a specific problem, it can and snould be computed.

The failure rate of a block which contains only parts in series
having constant failure rates is the sum of the parts failure
rates. To obtain the failure rate ol a block containing redun-
dant groups of parts, or parts which do not have constant failure
rates, substitute the part failure rates or probabilities in the
block reliability formula developed from the system model.
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3. CCMPONENT RELIABILITY PREDICTION

Figures 5-22 and 5-23 demonstrate the computation of reliability
of a component. All parts are considered in series, that is, a.
failure of any part will cause a failure of the entire component.
The [{ailure wates of the individual parts, corrected for applica-
tion stress and envirommental factors are added together to
cibtain a failure rate which is converted to the MTBF shown.

NAVSHIPS 93820 provides a more comprehensive example of predic-
tion of reliability. It establishes four levels of reliability
prediction for electronic eguipment based on the degree of know-
ledge cf the system. Method D, the most comprehensive, applies
derating (or load factors) to the parts based or. application
data.

As previously mentioned, the predjiction of reliability of mech-
anical systems in lagging far bchind the electronic systems.

Some data on expected failure ra’es for mature (well developed)
mechanical components is available in the literature. This must
be used with caution, but can be useld with engineering judgment.
If a proposed hydraulic system, for example, iz about the size
and sees about the same load factors as the hydraulic components
in an airplane, data from airplane experience (FARADA for example)
can be used. Where the sizes are much greater and the loads less,
the values given may be extremely pessimistic. 1In this case,
personal experience and consultation with suppliers of hydraulic
components typical of the proposed system will prcvide a better
guide.

A prediction is an estimate of achievable reliability. Engineer-
ing judgment may in many instances be superior to available data.
If the purpose of achiewving high reliability iz to be served, the
engineer must seek out the facts and apply sound judgment to
thair interpretation. See Chapter 12 for a more comprehensive
approach to the prediction of reliability of mechanical systems.

4. EXAMPLE OF SYSTEM RELIABILITY PREDICTION

4.1 TYPICAL SYSTEM

The first step in calculating the system reliability is to obtain
a relishility estimate of the individual subsystems. The follow-
ing reliabilities will be assumed for illustrative purposes
(Figure 5-24):




<L

M1
VRUINZT 0Ny
2n7h POTY
3 N
— AT ‘ i
mz/1e1” %
POFAM Y
o— o
,?,.\AH
VR]CING anesd
1078 07 W
| I\
.\‘_w _:U
| 3
MiA 67 * A w
#oe =2 ITARCR
1023 100H _
indino 4 NI D w
N
N
HATAI'TdIAVY H3M0d
s by . o i e oy SIS ML o N S

—

=

—

34
Ul AaJy San(e
DHUMISI|N (1Y

MO T

MT
ConY

indmp
feudig




ey

SHNOH NI (L7 441K TVLOL

SH.AOH U1/ SAVWTTIVA NI )

ALVYH IHIIVY TIVLOL

’ [ .M: e trrea = i i, = .J,.l D e L E——— (\Iﬂ. B ._ﬂ —_— Y ey
_ i M ; JIULIOEUIRI L __
. o | w | 22- LTI opny | 102 1
w i ! i i
: , | 1381023091 M
| i { :
£x 1 _ ot o o | | YRO-O-T1N | wmupwnly | 102 0
; l “ H |
! w _ i iuonsodwon N
155 0] U¥ EURRTRN B P E AN TRE LR CARVI t6-H-TIN A alaLIE A | 507 M
| W !
“, | _ M BoTsoduIon i
az "0 ‘_, ob S BT 25 e IR IR T Q1T-H-118 pox1d AT S
: ! j | __ ! : ;
, ; | uonysoduion “ |
| wa o ut 1770 'OBREM ¢y BREM 116 HIT-H~"TIN paxid _ 07 H ;
i w
i w " | _ NG MO T _
. R u¥ [ TOT0 | suWem ety | os@ES G0 ER-H-TIN poxig ! 20T
, ! h !
| | L pUnDOMAITM
| 880 ot 570 BIEM Gy | BRRR BT E6-Y-1IN poxt g 102
] i
go1 0¥ 120 FUBM Gy | 6I3eM 717 M VOUSHT-L- TN | ¥V REINX AT
gl V¥ tcU0 SPEM Gy | SULW ZTT7 | VOUGHT-LI- 1IN YV RGINZ | 0"

L - — S T il .+rli||!¥2x!. —d
SJINCH @cﬂ\ (D) clryey _ EER TN HEIXIS w ucneslioadyg ads L0 JPURIB K]
saanjred aanmeaadwia], S89IIS | [BOLIIOH[Y [Fo1I1091q | arqeotjddy urd DDA
b U WY H pateq Auijteaadn v _r ]

, ”
NOILOIGHYd ALITIGVITHEYH HAIAT'TdINV HIAMOd
1




T
M ]
S Lo
] ]

NVHOVIA 1001d AL T19VITIY WHALSXS




%2}
[

[ ]
i

R SPREEN S
\ -
1 :
> ISR o R
> . o
10 o li]@‘ R \. PER )
: 3 4
H LS ST T o) N an’
B I8 2 . LI . = R e
§ A
H R APRERTS L2967
: > I
& R REARICER
&
T ¢ next step 1w bt oveduce Oor combkine the sories and parallel
. I b . . Yo ey~ o 1. H . 1, . ;
clrcults a»d establish successively simpler block diagrams.  This
15 1llustrated as follows:

Ster l: EReduce the parallel combination of items 3, 10, and 11
o

r’
to sinale Item A, in series with the remaining circuit.
Figure 5-26)

—

= 0.9999

+

Step 2: Reduce the series parallel comkination of Items &, 7,
and 8 to a single JTtem ..

R =1 - (1-R) - (1R R

0.9949

i

+

St~p 3: Reduce the series combination of Items 2 and 3 to a
single Item L.

0.9950 x 0.9967

1

4

0.9917

Reduce the series combination ci itewms 4, 5, and u *o
a single Item S.

1

‘ R R, x R. x R

S 4 5 "

0.9975 x 0.9987 x 0.9999 +

B X
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= 0.9961 +
S5tep 4: Reduce the parallel combination of Items L and S to a
single Item B.
RB =1 - (1 - RL) + (1 - RS)
=1 - (1 - 0.9917) {1 - 0.9961)
= (0.9999 +
Step 5: By reducing the series combination of Item 1, B, and A
3 s ove 1 systen liability, .
4 we get the overall system reliability Rtotal
= F * ° R
Rtotal Rl RB A

0.9980 x 0.9999%+ x 0.9739+
= 0.9978 +
The reliability

branches, each containing two series
culated from the following equation:

of a system composed of two parallel redundant
subassemb.ies would be cal-
(Figure 5-28).

R.=1 - {1 -R R

S A, Y (1 - RAQ R_ )

B, B

A system composed of two series sets of parcllel redundant sub-
assemblies would have a reliakility given by the following
equation:

R, = {1~ (1L ~-R }Ji3i1 - (1 - R_.) (L - R_)1

S Al) (1 -R

A2 Bl B2

Assuming only a non-transmitting wode of failure, egual relia-
bilities of the corresponding components in Systems I and ITX,
and that there is no physical interaction that would change the
svstem reliability, and given

Ral = Bpp = 0-950
= = + 9(
RBl RBZ 0.900
then R. =1 -1 - (1 - 0.950) {H.900) ]{1 - (0.950) (0.900) ]

S

0.979 for System I,

[1 - (1L - 0.950)(1 - 0.950)3(1 ~ (1 - 0.900)(1-0.900)]

and E .

0.988 for System Il.
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Tt is possible to demonstrate mathematically that under the
wiven agsumptions the reliability of SYSTEM IY is better than
the relisbility of SYSTEM I. The numerical results above cor{iirm

this point.

4.2 EXCRPTIONS TC SERIES PARALLEL SOLUTIONS

A1l reliability problems cannot be reduced to clear-cut cases of
series, parallel or stand-by models. Consider the case illus-
trated in Figure 5-30.

A and 2’ zre in series and so are B and B'. Paths A-2’ and B-B’
are in parallel, so that an output is present if at least ovne path
is functioning properly. However, to improve reliability, unit

C is added., Its function is to supply A’ or B', if necessary,
when an appropriate signal is received. C is not in parallel

with A or H, and hence the circuit will not resolve to a simple
parallel-series combination. -

To solve the problem on hand, use can be made of Bayes probabil-
ity lemma, which n terms of reliability, states:

Qg = QS {if C is good) RC + QS (if C is bad) QC

wnere QS denotes the probability of system failure
R, denotes the reliability of block C
QC denotes the probability of failure of block C

In other words this thedfrem states, that the probability of
failure of the complete system (no output) is the probability of
the system failing if C is good, times the reliability of block
C plus the probability of system failure if C is bad times the
probability of ¢ failing.

Now, if C is go.d, the system will fail only if both A’ and B’
fail. A’ and B’ being in parallel, the probability of system
failure (the unreliability of the system) is then:

Qs {(if ¢ is good) = (l-RA:) (l-RB:)

If C is bad, the system reduces to a common series-parallel
system and the probkablility of system failure is:

QS (if ¢ is bad) = (I—RARA.-') (I—RB:;BI)
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where (l-RARA/) is the unreliability of A-A’ series path, and

(I—RBRBf) is the unreliability of B-B' series path. The unrelia-

bility of the whole syster can now be written:

¢ = (l-RA,) (l—RB/) R

- ) - (1~ )]
s + (1 RAIRA/) (1 RB/RBJ) (1 RC’

C

Hence the reliability of the system is:

R, = l—QS = 1»RC(1-RA/) (l-RB/) - (1~RC) (1-RARA/) (l-RBRB/)

In crder .o illustrate further the agpplication of Bayes Lemma,
consider the following example:

r Example: A 30KV, C0 cps transmission line comes to a paper mill
area and is there stepped down to a 440V by two main distribu-
tion transformers, blocks A and B (See Figure 5-32). These
blocks also have cirecuit breakers associuatcd with +*ko trans-
formers and required to protect the transformer in case of short-
circuit or overload.

We assume in this case that the reliability of the transmission
line is 100%. Hence we can consider A and B as two independent
sources of power. A’ and B'include the distribution equipment
(circuit breakers, cabling, bus, etc.) for power supplies A and
B respectively. The cutputs of A’ and B’ are connected together
and thus feed the load in parallel.

As in most process industries, a power failure is rather critical
and will cause extensive losses, because re-starting of the plant
after recovery of power cannot be i1mmediately effected. There-
fore reliability must »~ increased considerably by adding a third
power source, C, which .uncticns as a standby for both primary
sources. C is a diesel-engine or steam-turbine-driven three
phase alternator, with its two circuit breakers, CBl, CB2. Now,
without block C, if, for instance, A fails, B will feed the load,
but the parallel redundancy is lost. With C in the circuit a
parallel redundancy is maintained if either A or B malfunctions.

Assuming the f[ollowing reliability values for the blocks A, a’,
B, B’ and C, let us compute the system reliability for the cases
withour and with block C.

t = = 0.
Le R RB 8
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al WwWithout block C

Ao 1-R R . 1-R R ;) = .0 . -0.8 0.9

Yo { RAQA y A B R ) (1 8 x 0.9) (1 X )
= 0.078

R = 1-Q = 1-0.078 = 0.922

S S

b) Block C included

= - - - P . - - ’ - I3 )
RS 1 RC(l RA/)(l RB ) (1 RCP (1 RARA y (1 RB g’

= 1-0.8(1-0.9) (1-0.9)-(1-0.8)[1-(0.8) (0.9) ]/ 1-(0.8)(0.9) ]

As _an be seen the reliability of the system has improved about
5.4%, arter block C was inserted. By comparing the decrease in
unreliability, the improvement appears even more dramatic. The
nnreliabilities in the two cases are:

a) Q = 0.078 = 7.8%

0.024

i

2.4%

g
<
1t

Tn other words the system unreliability has dropped from 7.8% to
2.4%, a factor of 3.25.

4.3 IXAMPLE OF RELIABILITY OPERATIONAL MODEL

Figure 5-34 illustrates the power generation secticn of a ground
support electrical system for a missile site. In order to evalu-
ate the system reliability, failure rate data for all equipment
in the system must be known or estimated.

The system will be broken down to subsystem or compcnents for the
purpose of establishing RFB's (Reliability Functional Blocks).
The RFB's should be composed of components or subsystems, which
are replaceable 1., the field. 1In the examole, the RFIl's shown

in Figure 5-35 could be used.

4.3.1 RFB Descriptions:

1.1 Diesel Engine: This function consists of the diesel engine,
engine instrumentation board and other apparatus needed for
control and monitoring the operation of the diesel engine.




5-34

(Iver]

I

v'l SHDOTHALN]

P — c— e

o

HAWHOISNYHL \ ) Ay

H300d \)i»jJ

HHA MO
TVIOHIIWWOD

|

H

HOLOVINOD
DNLIDM VLS
ANIONY "14s910

HOLVHANGD
TASHK]

NOILJ3S NOILVHANID HAMOJ




N oo T <

N
L

r
_
i

- - ——

FT v AT m,..—/w.:m._r\h_

i,._%-J
ﬁ NG ﬂf HOT N o |
|

- e e

IO TSNNLT L |
IEIC IR TS| w

DNTTHYV D
SOV ITTON T

U

gx.)f )l _

TVIMAINING D L_

17

"THAOW TVNOILONNA

HICRE AR R RY

il S

HOLVHANGY

9
—




5

3

-36

(@2

1.2 480 VAC, &0 CP3 Gen
aenerator itself, 1
tus necessar: T

erator: This function is defined as the
ts contrelling equipment and the appara-
ans fer the generated power.

<,
+
@]
~+

1.3 <Circuit 3roakers This block contains that pertion of the
switchgear which carries the electric power from RFB 1.2 to
the distribution bus.

2.1 1Incoming Commercial Power: This functicn is cefined to be
that portion c¢f the commercial power system to, and inclu-
ding, the switch on the power pole.

2.2 High Voltage Cabling: That section cf the wire from pole
switch to the power transformer.

2.) Power Transformer: “he step-down transforwar.

2.4 Circuit B:r 2akes: That portion of the switchgear which
carries tho commercial . »vr to the main bus.

2.5 Diesel Engine Starting Contactor: This block consists of
the diesel engine starting contactor and the wiring connec-
ting it from the low side of step down transformer.

4.3.2 Losic Diagram: Having the -eliability funct.ional block
diagram and the description of the RFR's, we are able to con-
struct the mathematicai model for the system under study. The
modgl consists of a legic diagram. anu eguations giving the re-
tiability in terms of failure rate ' and operating timc t of
each functional block (RFB).

4.3.3 Reliability Equation: This prcblem is a case of stand-
by redundancy with repair. Therefore the reliavility for time
t may be stated:

n S VRN o) T teT(i-1) 1} - .
o \ {\ T T IR O 1)J}_e—(xa1+\22+‘ga){tnT(1~l)]
-

il

i
v, . )Li .
_<_§&* __.3.4..4 — )
{1 - e ) -~
- sy e, lasy o =gt hpdri
3 P R ]

where T is the mean time to repair for blocks 2.1-2.3.
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3.3.4 Failure Rates: It is assumed that the following data
for failure rates have been collected from tests and previous
case histories of component failure.

4.3.

for

2.2

.. = 4.08830C fuilures/1000 heurs

‘.. o= 0,40883 failures/1000 hours

1., = 0.1000 faiiures/1009 cycles

.y = 0.68493 failures, 1000 hours

ban = 0.11415 failures/1000 hours

V.. = 0.22831 failures/10CG0 hcurs

., = 0.1000C failures/1000Q cycles
.. = 0.6€6667 failures/1000 cycles
T = 2.000 hours

5 Qperating Times: Definition of the operating conditions
each K{B is generally recuired.

Diese! Engine I: This unit is operating during the inter-
val when it is started until it is stopped.

480 VAC, 6C CPS Generator I: This unit is considered oper-
ating whenever RFB 1.1 is operating.

Circuit Breaker I: This unit operates whenever there is a
failure ot the commercial power or when it is manually
operated. A complete cvycle is defined as the movement of
the breaker to OFF and back toc ON position.

Tncomince Commercial Power: This function is considered
operating whenever there is commercial power available
for use at the site.

High Voltage Cabling: This function is considered operating
whenever RFB 2.1 is operating.

Power Transformer: fThis furction is considered operating
whenever RFR 2.2 is operating.

Circuit Breaker: This unit operates simultaneously with
RFB 1.3.

Diesel Engine Starting Contactor: This unit is considered
operating whenever RFB 1.3 operates. It is also a cyclic
function.

e g TR iy -

_ S
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4.3.6 Time Bar Graph: From the definitions above, we can now
construct the time bar graph (Figure 5-29). Note that blocks
1.3, 2.4 and 2.5 operate only at fault in the primary {(commercizl
power) system and at its recovery. In this case, there is no
function which is turned "off” or "on". However, this is not

the usual occurrence and in cases where switching takes place, it
is less confusing and easier to : ake the model if a time bar
graph is used.

4.3.7 System Reliability: Substituting the failure rate values
and operating times in the pertinent equations, the system re-
liability for an operating period of 30 days is:

360 {1.02739(0.720-0.002(i»l)]}*
e

~Y.02 . -0, s 1!
R =1- Z : 1.02739[0.720-0.002(i-1) ]
S i

i=1
[ ~0.766671
Lf - e
-0.760566741 -4.49713 x 0.000Zi}
+ e {l-e )
-4
= 0.9928

For the sake of jllustration, let us compare the reliability of
system 2.0 above, that is without the standby redundancy, to that
just computed. The rwoliability without standby redundancy is

Ris) = e-(an ¥ dza * lza)t _ -(0.68494 + 0.11415 + 0.22831)0.72

I

e—0.73972 - 0.4772

Thus the reliability has increased from 47.72% to 99.28% by using
standby redundancy with repair.

4.4 SUMMARY

The purpose of reiiability predictions is to arrive at a numerical
evaluation (Juantitative) of the reliability potential of a
system, equipment, etc., and/or to determine whether or not a
specific system, equipment, etc., will meet its predetermined or
required reliability goal. It is necessary to perform these
reliability predictions during the design stage. This enables

the design to be evaluated in terms of reliability and allows
design changes which may be needed to improve reliability to be
made at this early stage where it is most economical as well as
convenient.
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It should be remembered that reliability predictions can be made
at various complexity levels. The selection of method to e

used is determined by such factors as required accuracy, time
available, cost, etc. However, no matter which method is used in
calculating a reliability prediction, it must be based on design
details and on reliability or failure rate data of equipments

or parts of similar design and under similar operating conditions
of stress, time, and environment.

5. RELIABILITY GROWTH APPROACH

The reliabiiity prediction as made is called inherent. This
refers to some future time when the design is matured -- has all
the weaknesses and defects due tco manufacturing cleared out.

We are bound to be concerned with the reliability achieved during
the development. We are particularly concerned that we obtain
visibility of reliability growth toward the deliverable require-
ment. Recognizing that the growth process is the process of
isolating and eliminating weaknesses, there is a real need to
evaluate progress toward the goal. In dealing with contractors
we can expect some to develop growth predictions as a basis for
further development or continuation of a project.

The promise of improvement can be validated. 1In evaluating such
promise we must Jlook at the physical basis on which it is
founded. The basic philosophv and foundation of growth models
is provided to give a basic under=tanding of the concepts.

5.1 RELIABILITY GROWTH MODELS

One approach to construction of a reliability growth model is %o
postulate the form of the function relating reliability and time,
say R = f(t). The argument t could represent any index of relia-~
bility growth such as the number of reliability tests conducted
on the device, the time since ‘“e development of the device
began, the amount «f money invested in ti.. development, etc.
Having assumed such a relationship, one proceeds to estimate the
parameters of the function by some curve fitting technigue,
analogous to the procedures utilized in linear regression. When
this approach is taken, a function having the following properties
is usually selected.

f(t) is nondecreasing in t (reliability growth)

f{t) approaches Rm as t approach = where R is the maximum
Y b o

attainable reliability. A function meeting this criterion is,
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. -Kt . .
for example, R{:} = R; ~ C'e . This particular form of

the equation states that the reliability at time t, R(t) is
limited by the inherent {predicted) reliability and will approach
that value = tests are conducted at a rate proportional to the
gap beiween the actual apd predicted reliabilities.

In development proc -ams it is generally supposed that, given a
basic design, reliability can be improved through a "test and
fix" procedure. That is, as causes of failure are detected by
tests, action can be taken tc correct the cause of the failures -
action which is not always effective. The causes of the greater
numbers of failures will probably be detected early in the pro-
gram, and consequently. have the greater chance of being correc-
ted early. This tends to justify the general form of the relia-
bility growth curve in which reliability increases rapidly in
the early stages with the rate of increase diminishing with
time. The nction of inherent design reliability, i.e., the
limit which the growth function approaches in time, can be 3us-
tified in a similar manner. Designs which inherently contain
many causes of failure, most of which will cause only a small
number of failures, would have a low design reliakility. Afteyx
the principal causes of failure are eliminated early in the pro-
gram, each "test and fix" cycle will only improve reliability a
very small amount. Eventually, the reliability curve will tend
to level out. This level approaches the inherent design relia-
bility.

Another approach to a growth model is given in reference (1). A
fixed, but unspecified, number of failure modes are allowed to
exist. Whenever a failure mode is discovered by test, an attempt
is made to correct the cause. The probability that the correc-
tive action is successful for the ith failure made is a known
quantity a;. That is, the probability of correcting the ith
failure mode, given that such a failure has occurred on test, is
a,. In this model, N tests are coaducted prior to taking any
corrective action. The reliability of the system after N tests
have been made and corrective action has been taken for all
detected failure modes is

Y4,

o
1]
x
+
I il S

where
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K
NO = total number of failures observed in N tests = Z N,
i=1
N, = number of failures of the ith mode observed during test
K = number of failure modes

q, = probability of a failure of the ith mode
R, = initial reliability of system.

It is assumed that a given test can result in success with
unknown probability R,, or in failure oy only one of the K failure
modes and

K

Ro"’qu‘:l-

L
i=1

The parameters of this model are R, and the K q;'s. The a, are
assumed known. The random variables resuvliting from tests are N,
Ny, N5, 0., N,. It is assumed in the analysis that the tests
are independent. It is easily seen that this model is, iu a
sense, a deneralization of the Lloyd and Lipow model (2) in that
reliability growth is obtained bv taking credit for having cor-
rected scme of the original causes of failure.

Froin a practical point of view, this model has some real value.
It appears to be a reasonable representation of some real world
situv~tions, and its use requires input data which in many cases
will pe available. It is not too hard to envision situations
where an engineer can, based on his previous experience, estimate
fairly accurately the probability (a;) that a corrective action
will be effective. It should be noted that %tiis estimate is
required only when a corvective action is actually taken. It is
significant that both of _.nhese decisions (selection of the a,
and the likelihood that a corrective action will introduce other
modes of failure) can be framed in physical terms as engineering
questions.

5.2 APPLICATION OF GROWTH AFPPROACH

The use of reliability growth approaches promises the gradual
elimination of guality defects. They are effective insofar as
the trend toward higher reliability improves. They should be
used with caution unless solid engineering or test data contirm
that t'.¢ growth is real.
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6. PURPOSES FOR RELIABILITY PREDICTION

A primary m2ans of establishing the reliability feasibility of a
4esign concept is the comparison of pre-design predictions with
requirements. The consideration of the direction, magnitude, and
causes of discrepancies between predictions and requirements

plays an important role in determining proper courses of action.

A basic problem in reliability prediction can e Jenerally des-
cribed as follows: Given a complex device or system, such as a
communication set, fire control, sonar or computer, at some staqge
of design and development, we are interested in whether or not it
will function in a given environment, in a prescribed manner, and
for a given period of time. Whether the system operates success-
fully or not depends on a very large number of factors. When
predicting the reliability of a given complex equipment, if
possible, one should evaluate the interactions present since these
may have a preponderant effect on the over-all system reliability.

Reliability predictions aid in the identification and solution of
problems that are broad in scope and general in nature. This is
accomplished by the tabul:xtion and grouping of predicted relia-
bilities, or unreliabilities, for spvecific part tvpes. part
classes, and equipmen: types, and for operation in various modes
or during different phases of a mission. The knowledge of the
relative contribution of varicus items of equipment and modes of
operation to the systems unreliability constitutes a sound basis
for determining the need for, and the expected benefits of, part
improvement programs, circuit and equipment redesign efforts,
inclusion of redundancy, reallocation of requirements, and other
similar «courses of acticn.

Another valuable use of reliability predicticns is to focus
attention on items for which adequate design data are not avail-
able. Tt will frequently be found that necessary failure inform-
ation is rot available. This is especially true for new parta
and parts peculiar to a specific appiication. The process of
reliability prediction uncovers these data deficiencies and
permits early planning tor corrective action, i.e., revision of
specification, selection of a different part, starting a data
collection program, or performing special tests.

An obvious purpose of reliability predictions is to serve as a
means to measure progress in achieving a reliability goal, i.e.,
comparison of predictions with previous predictions to see whether
a program is progressing satisfactorily or not. If the program

is progressing satisfactorily, it may be decided that the activ-
ities should continue as planned. However, i1f progress is not

RN | R
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sctisfactory, the predictions may be used tc determine what

action should be taken as well as where the re-emphasis should
be.
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Chapter ©

APPORTIONMENT

System design engineers must translate overall system character-
istics, including reliability, into detailed specifications for
the numerous units that make up the system. The process of
assigning reliability requirements to individual units to attain
the desired system reliability is known as "reliability arpor-
tionment" or sometimes termed reliability allccation. More is
involved, however, than a simple mathematical equality. The
reliability of an ind‘vidual unit varies with the type of func-~
tion to be performed, the complexity of ths unit, and the method
of accomplishing the function, to name a few of the more impcr-
tant factors. The role a unit plays in a particular system also
enters into consideration.

Apporticnment of system reliability. is the inverse process to a
reliability prediction. 1In a prediction we estimated failure
rates ¢f parts and subsystems (or numbers cf failures per unit
of time) and computed a svatem failure rate (total number of
failures estimated per unit or time}). In an apportionment we
start with a requirement, which 1s converted to total failures
to be permitted per unit of time. We then allocate to the
varicus supsystems a share ©of the failures to be permitted. The
apportionment in no sense indicates that the particular level of
reliability required can be achieved. It merely sayvs that if
the apporticned values are achieved, the syiotew 111 meot its
requirements.

To make the apportioned values of reliability realistic, con-
sideration must be paid to the factors makino reliability ditf-
ficult or expensive te achieve. The development of high relia-
“ility is costlv. Establishing requirements higher than neces-
8ary i1s uneconomical. Apportionment technigues should be based
on the factors that detine tne relative eftort and coonst of
achievina the required reliability for the svstem,

The ap: rtionmment of system reliability involves solving the
basic cegquality

f(R., K.. ...R.} = R (6-1)

where .
R. 1s the aprvortioned reliability parameter tor the ith
unit,

T is the system reliability regquirement parameter, and
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f 1is the functional relationship between unit and system
reliability.
For a simple series system in which the R.{t)s represent pro-
bability of survival for t hours, Equation o-1 becomes

-~ ~ ~

R, (t) + R-(t) ...R.(t) = R(t) {6-2)

Theoretsi cally, Equation £-2 has an infinite number of solutions,
assuming no restrictions on the apportioriaent. The problem is
to establish a procedure that yields a unique or limited number
cf solutions, by which consistent and reascnable reliabilities
may be allocated.

The program and meth.ds prescnted in this chapter can apply to
the sub-allocation of reliability within the various units. The
apportionment program is necessarily one of continual refinement.
Original requirerents determincd at the design stage should be
critically examined and revised as more experience, knowledge,
and test data become available during the «ivance ot the system
life-cycle through the design, developwment, and production
rhases.

1. APPORTIONMENT OF INHERENT RELIABILITY

1.1 RAS IC THEORY

In Chapter four we developed the statement of reliability in
terms of probability of success based on a failure density
function. A failure density function can b2 determined for any
set of equipment.

It has been snown that the probability of success (the reliabil-

ity) of a system is the probability that no failure occurs during

the time in question. In the general case the reliability may
be stated

e

|
R, = exp |- . F,(x)dx i (6-3)

ty J
where the F, (x} is the instantaneous hazard function. Where the
distribution function is exponential, this hazard function is
the "constent” failure rate 3. In the norma'! case, it is the
ordinate of the norma: curve

_ 1 (a-u)a
\ 1 2 Y
n{a;, = — e

-
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In conducting an apportiomment, we start with defining our system
as a series of units 30 that eqguation 6-2 applies. Where equip-
ments are duplicated in parallel, it is necessary to treat the
combination as a single unit. Applying equation 6.3
t t t
f ;

f ;
} - - ) { = eoe = 1
5 Fy (%) adx 5 F. (x)dx 5 Fo {x)dx 7

)
1]

exp [ -

F, (x)ax]

It
o
X
o
o
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]
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If we set R, = R°! and soclve for the a,

i’t
-4 F, (x)dx
Vo i F, (x)dx
i=1
the a; factcrs have the following characteristics:
n
o
(a) ), a;, =1
i=1

(b) Each a,is the fraction that represents that portion of
the total probability of failure in the system attributable to
the ith unit.

We can apportinn the reliability by selecting factors for each
uni* (the a,) such that (a) the sum of the factors add to 1 and
(b) each factor is the fraction of the failures aliowed for the
system to be permitted to the unit.

1.2  SELECTION CRITERIA

The ideal apportionment would be that allocation of requirements
resulting in the most cconomical use of resources, including

time and cost. Among others, the following considerations should
be considered.

{a) The complexity of the system will have an effeci on the
achievable reliability. The more complex the system is, the
greater the number of subassemblies and modules, the more dif-
ficult and costly it is to achieve a high reliability. Imposing
an unrealistically high reliability on the more complex systems
increases the cost disproportionately when compared with the
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effect of increasing the reliability requirement fcr simpler
SYS . ens.

{b} The amount of development and research required to pro -
duce the system will greatly influence the time and cost of de-
velopment. Imposition of a high reiiability requirement on a
system under development will increase the development time,
numbers of tests r=quired to obtain the reliability and the cost.
Equipments considered present "State of the Art" are penalized
less by high reliability regquirements.

{c) The intendad operational environment will have an effect
n the achievable reliability. A system to be used in a "rugged”
environment will terd to cost more to develop tc an equal reiia-
bility than a similar one to he used under less sevare conditions.

{d) The length of time the eguipment is required to per form
will influence the achievable reliapility. It will require more
development effort and cost to produce a sys.em capable of
operating for a long period of time without railure than to
develop one for a shorter period of use.

(e) The need for high reliability in a system i3 %“ased on the
impeortance of its operation. A system whose failure would not
jeapordize the accomplishment of the mission need not be highly
reliable. To the extent that failures can be tolerated, lower
reliability requirem: 1ts shculd be imposed.

Apportionment of reliability is a trade-off between the relia-
bilities of units to achieve a specified system reliability.

By imposing high reliability requirements on those units in which
high reliability is easier to attain, and lower reduirements on
those in which high reliability is more difficult and more
costly, the overal. cost of the system development mav be
reduced.

Kumerous methods have been used to select the factors for the
opportionmant to achieve this cost (and time) improvement.

2. TECHNIQUES OF APPORTIONMENT

2.1 EQUAL APPORTIUNMENT

In the absence of any definitive information on the system,
other than the fact that a subsystems will be used, the only
rational basis to use wouiqd be equality. 1If each a, is set at
1/N, the two requirements are met. Each subsystem is then
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reguired to have a reliabiiity of (R} or §R, The product of
. . ce . , N N
the N svstem reliabilities is then { . R) Re
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-2 CONSIDERATICONS OF IMPORTANCE AND COMPLEXITY

Task group 2 of the AGREE Study (1) recommends an apportionment
for electrenics systems based on the importance of the unit and
its complexity. The exponential distribution of times to
failure is assumed to apply. Let a system consist of k units.
For 1 - 1, 2 .. k let

my = MTBF (mean life) of the 1th unit.

las
{

= gperating time during the missicn required of the ith
unit.

w, = Prchability that the system will fail, given that the
ith unit fails (importance factor).

n, = number of modules {e.g., tubes}) in the ith unit.

¥ = Total number of modules in the system = , n
i=1

It is desired to apportion the reliabilityv between the units in
such a manner that each module make an equal contribution to
mission success. The mean life to be required for each eguip-
ment is computed from the formula
m, = et (6-5)
(Z+) (-1n R)

Example: For a system reliability requirement of R=.90(-%.aR=.103)

n w t m
RCVR 20 o7 4 hrs 402
XMTR 30 .5 4 hrs 218
RADAR 200 .8 4 hrs 52
IFF 50 .2 4 hrs 52
N 300

The equation for the reliability of the ith unit is:

R, = -t,/m,




We can rewrite 6-5 to show:

) . ]
fo/m = (2R) (/) (-1n R}
. N \A’v;
n. 1
£, /m GV
30, e U = (R) '

™15 eguation shows that the basis of the factors a. in eguation
6-4 are made up of the product of numbers representing the re-
lative complexity of the equipment and numbers representing the
importance of the unit to mission success.

2.3 TURTHER EXTENSION TO MECHAN "CAL-ELECTRICAL SYSTEMS

The Booina Company, in its Reliability Manual (2) proposes an
alternate method of selecting the factors of apportionment. The
r

pararcters to be considered are:

(a) System Complexity: Complexity is evaluated by consider-
1ng the probable quentity of parts or components making up the
system, and is also judged by tlie assembled intricacy of these
parts or components. The least complex system is rated at 1.
The system considered highly complex is rated at 10.

{b) State of the Art: The state of present encineering pro-
aress in all fields is considered. The system least developed
is asszigned a value of 10 and the system most highly developed
is assiuned a value of 1. All other systems are evaluated be-
tween 10 and 1.

(c) Performance Time: The system that operates for the
entire mission time is rated 10, and the system that operates
a minimum time during the mission is rated at 1. All other
systems arce evaluated between these two extremes.

(&Y bEavirommental Cenditions: Environmental conditions can
alsce be rated from 19 through 1. Systems expected to experience
harsn and extreme conditions during performance will be classi-
fied as 10 and systems expecting to encounter the least scvere
conditions will be classified as 1. All other systems shall lie
Lotween these two oxtremes.

r typical computation is shown in Figure o ne sclection of
the tactors is done by cngineering ijudgment based on the engineers

it e
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predictions of the relative effect of various factors on the
reliability of performance of the system. Using a philcsophy
that there are no new componern.<, new systems are rearrangements
of known components. The engineer would judge what types of
parts and components would be used in & new system and what
effect the expected use of these parts would have on the relia-
bility of the parts. Where particular components had, in his
experience, been unreliable in a particular environment, he
would reflect this in his choice of factors. Factors may be
selected by individual engineers or through some form of voting
technique as describes in paragraph 3.

2.4 EXTENDED METHOD FOR ELECTRONICS SYSTEMS

A further development of the AGREE system (2.2) has been made by
Arinc Corporation (3).

2.4.1 Elements Considered in the Apportionment:

(a) Unit Essentiality: The concept of essentiality, used to
describe the ~ffect of unit failure on mission success, is con-
sidered unity if a failed unit does not have a functional dup-
licate. It is defined as follows:

The essentiality of a unit is the probability that
the system will fail to accomplish its mission if
the unit fails while all other units per form satis-
factorily.

At the design stage of system development, the likelihood is
that the essentiality of various units within the system will
have to be assigned intuitively, on the basis of experience
gained with similar systems. If appropriate system failure data
is available, essentiality can pe estimated by the ratio,

Number of mission failures due only to ith unit failure
Number of ith unit failures

(b) Basic Failure Data: The allocation procedure is based
on the relative reliabili+ies to be expectaod of various units of
a system, as determined trom pasti experience. he electronic
functional levels to which this procedure is applicable corres-
pond to the functiocns performed by individual element groups
(AEG's). An active elemant group is defined as consisting of an
active element (o) e part, such as a tube, capable of performing
valving or controlling action) plus the associated passive parts;
examples of active element groups include amplifiers, oscillators,
mixers, and rectifiers. Eguivalents ar~ provided for non-elec-

£l
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tronic components.

2.4.2 Procedure for Reliability Apportionment: The worksheet
used for conducting an apportionment is given in Figure 6-11.

Steps in completing the worksheet are:
(a) Identify the units, U,
(r) Estimate the essentiality index (paragraph 2.4.1b), E,

(c¢) Record or estimate that portion of the system operating
time the unit will be required to orerate, t,

(d) Develop unit failure indices, K,, based on class of
equipment, relative failure rates for the class and
number of modules of the class in the unit (refer to
reference 3).

(e) compute the fa’lure index ratio w, = K

B

K,

/
-

i=1

(f) Compute the allocated unit reliabilities from the
equation

1 - (R)!
El

where R,is the desired reliability apportioned to the
ith unit,

R is the system required reliability.

Figucre 6-12 shows a typical computation of the unit failure
indices. The system is a bombsight consisting of three units,
power supply, navigation computer and cptical equipment. The
unit: are considered in modified series, since both the power
supply and optical equipment must work. In the event the navi-
gation computer should fail the optical equipment can be con-
trolled manually. The essentiality of the power supply and
optical equipment are unity. On the basis of performance of
similar systems, estimates were made that for every 100 missions
in which the navigation computer failed, 57 mission failures
resulted. So the essentiality of the navigation computer was
estimated at 57/100 = .57.
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Proceeding,

Step 1l:

Step 2:

Step 3:

Step 4:

[42]
re
[g+]
jgo)
151
.

Step 6:

Step 7:

The functional category column is divided into
electronic and non-electronic groups.

The r-lative failure rates (K, or K{) for each
funct :onal category is entered in the apprcpriate
column.

The number of es_imated AEG's of each category withan
each unit is entered in the cclumn headed f,.(j=1,2,3)
and the electronic category rows are summed to obtain
the entries in the column headed f,.

The average electronic failure index is computed in
the following manner:

(a) Form the total unadjusted electronic failure
index

Ke = 40(4.3) + 10(3.0) + 230(3.0) = 892

(b) Determine the number of electronic AEG's in
group (a).

Fe = 40 + 10 + 230 = 280.

(c) Form the average electronic failure index:

ke = 892,280 = 3.186.
Convert each k{ to a failure rate relative to the
electronics group by multiplying the relative failure
rates by Ke = 3.186, Enter 1in the k, colunn.

—

Adjusted relative failure rates, k,,
Trans fer the k,'s to the appropriate unit column:

(b}  k, and X3 remain unaltered for Group (a), but
since k, in Unit 2 has a transistor active
element,_using an adijustment factor of 0.3,
compute k,-= (0.3}k, = 0.9.

Unit failure indices

L4k, for the

Using the formula K, :1:3
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Step B:

Step 9:

Step 10:

failure index of the jth unit, compute k., k. and k.

The values for the unit failure indices are entered
in the allocation worksheet, Figure €-1%

Entering the allocation worksheet with the failure
indices, compute the failure index ratic

ky
WI = »1
. }(x
e
1=1 R
The reliability apportionment R. is computed for
! 1R
each unit using the formula R. = 1 - —é-—

2.5 ALTERNATE BOEING METHOD

For an alternate method cf selecting the apportionmert, the
following approach (4} is proposed bv F. E. Marsh, the Bucinn

Company. Gi

ven a reliability goal, R, for an item conprising n

units in series and assuming an exponential distribut:on of
times tc failure, the reliability gecal, R., apporticoned to unit

i is:

where:

where

wl
R, = (R) '
w, = =X and
' w
.‘-‘ a“
i=1
y = , + }
a Iu (r. + If Im
I = Index of state of the art, computed using

engineering data on system reliability
Jgrowth rates;

Ik = Index of complexity, computed to account
for relative corplexity and :~dundancy ot
the unit;

If = Index cf enviromment, computed from esti-
mates of unit stress levels due t¢ environ-
mental co.Jditicons, and

I = Index of coerating time, o «puted from the
operating time «f the unit and the opera-
ting time for the system.
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2.6 USF OF COST OF ACHIEVEMENT

It is reascnahlce to assume that if a contract for a system is let
withh no reliability requirement, a system built in accordance
with standard design practices will resu’t, If a reliability
requirement is imposed, the system will cost more by virtue of
the fact that additiocnal effort is required by the contractor.
How much more the system will cost will depend upon twoc basic
factors.

(a) By what degree the reliability requirement exceeds that
expected (that exper.enced using standard design).

\b) The complexity of the system contracted for.

Bird Engineering Research Associates, Inc. (8) found in past pro-
curements a relations.uip between the cost and reliability of
equipments and their relative complexity.

- -3
187,000 N 1.39 \

) (6-6)

m

(.891) (29698)N"28

C

Where m was the achieved MTBF, c¢ the contract cost andé N the
number of active element groups as defined by MIL $TD 756. The
constants appiy to shipboard equipment.

For an improved product, experience (Chapter 26} indicates a
.elatiorship between cost and reliabiiity of the form

/

Fd
¢’ - ¢c=¢Cin (2)0.3 (6-7)

Where the prime is used to distinguish between an equipment pro-
duced under a different level or ieliability effort. If we
assume a particular equirement, R, for the reliability of the
complete system, this is achievable by any combination cof sub-
system reliabilities, R, that satisfy the relationship.
k

R = R,

i=1

For a system consisting of three serial subsystems R = R;X R, x R,,
where the subscripts refer to the subsystems

e “{t,/m] + t./m, + ty/my)

e A et s Yo SIS NS
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assuming an exponential distribution of times to failure. The
exponent. must satisf; the relationship

1 @

- InR=t,;/m) + t;/m) + t,/my = Lty m (6-8)
i=1

As may be seen from Figure 6-185, the selection of a particular
set of requirements for reliability imposes a particular cost on
the development program. A higher reliability requirement for
any system tends tc increase the cost for that system. Lowering
the requirement should reduce the cost. Those in which the in-
cremental cost of improvement is greatest should be given lesser
requirements, increasing the requirements correspondingly for
those with lesser incremental costs. This can be done as
fcilows:s

The total cost of the program would be the sum of costs of
developing the individual systems with the conventional program
costs plus the additional cost for sach system necessary to
improve the reliasbility to achieve the system reliability, R.
We can define this additional cost,

5.2

! 0.2
m

= —
ACR ”1ln(m3

! o2
+ Czln(;%) + C, m(ﬁﬂ) {6-9)
3

To obtain the minimum cost that will achieve the required saystem
reliability, we can differentiate the equation below and set it
equal to rzero. ‘
é" m‘ 0.2 2 -
Achg_, c, (-ﬂ-\—*) -x(lnn-z (f,) }
i=1 ! i=1 1

wher2 the last term is the constraint imposed by equation 6-8

= ;EC‘+ A ~£+“3 = O for each i

This says that the ratios of the ﬁ* ghould be proportional to
the C,. !

Since the C, are related to the complexity by the ratio “.88
(Equation 6-6) the optimum solution to the apportiomment of
reliability would be achieved by sel.:cting as complexity factors
the AEGs raised t¢ the .88 power.

’i«f‘ﬁﬁ?‘”ﬂ Ci SRy S
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Reference (8) provides a different correlation between initial
cost and complexity to be used in case of developments in which
per formance involves design beyond the conventional state of the
art, that is, for such cases

C = 1.464 (29698)N°58

In an apportionment, to account for the additional effort to
achieve major advances in the state of the art in the design
the complexity factoer N-88 ghould be multiplied by a factor of
1.464

o1 - 1.644.
Figure 6-20 gives an exwnple of the application of this method.
Subsystems C and E are assumed to require major advances beyond
the present state of the art in development. Subsystems A, B
and D are conventional design with minimum acceptable reliability
requirements established somewhat beyond present normal achieve-
ments.

3. VOTING TECHNIQUES

In the early stages of development of a system, very little may
be known about the hardware. Each of the techniques in para-
graph 3 requires the application of more or less judgment in
selecting some of the factors. £, as in the method covered in
paragraph 2.3, the indices assigned are not representative of

the ultimate equipment, the apportionmment will create more pro-
blems than it will solve. Recognizing this, recent methods of
apportiomment attempt to limit the anount of judgment that must
be applied. But no method can eliminate the © juirement entirely.
In conducting an apportionment, then, the task is to (a) select
the method apparently most appropriate to the problem considering
the details known, the nature of the equipment and the availa-
bility of pertinent data; (b) Identify the area< .n which judg-
ment is required, and (c) Arrange to obtain the best possible
responses from qualified individuals.

3.1 FRAMING THE QUESTIONS

As was developed in paragraph 2, the apportionment depends on
the selection of factors that are proportional to the number of
failure to be “permitted" to the unit. These factors should be
so selected as to minimize the difficulty of system development.
That is a comparison must be made on (a) amount of development
required for the unit; (b) complexity of the unit; (c) expected
effect of the planned operational use on the difficulty in dev-

i
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elopment; (&) the need for high unit reliability tc achieve high
system reliability.

Any general question pcsed to the judges such ac "list these
equipments in the ascending order of expected failure rates {cr
descending order of MTBF)"' will not yield much valid information.
Consider a more detailed set of guestions, such as

What is the level of vibration you expect this equipment
to be subjected tn?

wWhat level of vibration does equipment of this type
normally withstand?

Do ycu think this difference will cause you to have

(a) fewer failures?
(b) more failures?
(¢} no difference in the number of failures?

These latter guestions forces the judge to concentrate upon one
effect and provide his best judgment in an area in which he
might feel confident.

The questions then, should be frared in a way to relate to the
experience of the judge and should provide a suggestion as to
how to go about arriving at a decision.

With a large number of interrelated factors, each factor must
be given an appropriate weight. The difficulty of making a
judgment involving many factors tends to make such judgments
somewhat erratic and ineffective. In framing the Questions,
they should then be limited in the factors that are to be con-
gsidered, and the factors should be within an area in which the
judge feels competent.

3.2 SELECTING THE JUDGES

The less there is known about the unit, the greater is the
importance of utilizing knowledge of engineers competent in the
field. When a designer cesigns a new system he doesn't reinvent
the components or the circuits. A bearing in a motor is the same
as bearings in other motors. The new assembly has some innova-
tions, but also it has many parts used in well known ways.

Before the equipment is designed, a well qualified designer can
tell you the characteristics of the parts he would use. He

would know a great deal about the reliability of those parts.
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In attempting to obtain an estimate or judgment on a particular
factor, there is a real need to assure that the source is com-
petent in the area of interest.

3.3 METHOD OF FAIRED COMPARISONS

3.3.1 Conducting the Survev: If the question to be resolved

is very complex, such as the relative amount of development test-
ing for the various units required to develcp the system, it may
not be possible for an engineer or a committee to set relative
values. However, it should be possible for the engineer to

make judgments of less complexity, say between twc of them. A
method due to Thurstone & Mosteller (5) has been devised to use

such comparison of pairs to evolve a relative ranking of the
item of interest.

Example: A new ship class is being developed, the major systems
required for the "special" mission are:

A. "Star Tracker" Navigation.

B. "Ship to Space" UHF wide channel communications.
C. "Lock-On" tracking system.

D. Data acquisition and storage system.

E. Computer analyzer.

F. Data display system.

The item of interest is the relative cost of development of the
subsystems. It was decided to obtain the judgments of eight
engineers who had been working on radar, communi~ations and com-
puter complexes. The parameters of performance of each sub-
system could be defined. The question was framed. "In the de-
velopment of these two subsystems, EsF, say, which do you believe

will require the most developmental testing to provide an oper-
ational system?"

Eight identical sets of cards were made, each set containing the
comparison between each of the pairs of systems (AB, AC, BC etc.).
Each engineer selected completed and returned his set.

3.3.2 Analysis of resuits:

{a) The individual cards were scored as follows. If the box
marked "moderate" was checked, the card scored 1 “consider-
ably more" was similarly counted 2. If the system first in
alphabetical sequence was checked, the card was scored +,
otherwise -. A sample card is shown in Figure 6-23.
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(b) The analysis was conducted in twc ways. The averages of
the car’® were recorded in a matrix, Figure 6-25. It was
ncted that a definite order was indicated. C was felt to
require more development than any other system, A next and
the remainder fcllowing in the order B, E, F, D. These
were replotted in matrix form, Figure 6-26.

Reasoning that the comparisons would be more meaningful between
those considered close together the “strong" diagonal (C to A,
A to B, B to E, etc.) was selected as the best relative compar-
ison. Setting the one requiring the least development testing
as the Standard, D=1, The relative scale of test requirements
came out as follows:

System Relative test recquirements

1.00

1.125
2.000
2.250
3.000
3.125

O » @ MmmT

An attempt was made to improve the analysis, using more of the
information obrained, followina the analysis described by
reference 7.

Having the preference matrix the preferences were normalizea

. . X2 .
using the eguation X. = 3 (Figure 6-27).
The deviates were computed from the relationship
NI oI oo
1 o =X 2
(X.),. = T e dx

The deviate matrix is shown in figure €-28. The deviates con-
tained in the clements correspond to areas under the normal
curve, The average of each row was computed and tabulated in
the column r.. The difference between the average deviates in
each row were computed, using the relationship

1 - X/
r. = -5~ . e ax

The values T then are used as proportional to the level of
testing required in a program to develop the systems to an
operational condition,

Vit
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4. USE OF APPORTIONMENT TECHNIUUES

4.1 CONCEFTUAL FPHASE

Apportionment in the conceptual phiase is primarily for determin-
ation of feasibility. The Juesticn that must be decided is the
element of risk involved in undertaking the development. The
apportionment assists in this determination by setting reliabil-
ity goals against which to measure the capability of the indus-
try. The AGREE method (paragraph 2.2) for electronics systems
and the Boeincg method (paracraph 2.3) for mecharniical systems

are appropriate. For electronics systems, the cost evaluation
corrective factors may be applied (paragraph 2.5) to evaluate
cost conseguences.

4.2 PRELIMINARY DESIGN PHASE

In the earlv phases cf design, the purpcses for an apportionment
are to provide requirements for supplier and contractor furn-
ished systems, and tc set targets ({(requirements) to be achieved
in the design per formed by the priine contractor -- or internally
within the Bureau. The apportionment, to be comparable with
design predictions, must be fcrmulated on the same basis as the
predictions will later be, It should include a comparable
statement of environment and operating time. For electronics
systems, the more detaziled considerations of the Arinc method
(parasraph 2.4) should be used. For mechanical systems, the
Boeing method (paragraph 2.3) is the only useful method known.
In attempting to use this system, the seliection of weighting
factors must be developed in such a way that they reflect the
effect of the particular factor on the failure rate that will

be achieved when the equipment becomas operational.

4.3 EVALUATION OF CONTRAZTORS APPORT IONMENT

When contractors perform an apportiommint to allocate a system
requirements to units, the Bureau engineer responsible must
evaluate his apporticnment process to assure that the unit re-
quirements are based on a sound appraisal of cost and effective-
nz2ss. The techniques :n paragraph 2.0 demonstrate the methods
most likely to be used. Where some other method is used, the
basis of the method should be evaluated against the criteria
(equation 6-4 and paragraph 1.2).

4.4 SUMMARY

In summary, reliability apportionments are made:
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{a) To set reliability requirements for units of a system
to establish procurement and/or design objectives.

{b} To provide a means of measuring progress toward achieve-
ment of the system reliability objective.

The valuve of the apportionment in achieving these objectives
depends ou the care and judgment used in making the apportion-
ment.

Since the apporticnment is used primarily as a guide to the
achievement of the system cobjective it should be continuously
updated as the design progresses and used to modify the require-
ments imposed on the ¢omponent suppliers and subsystem designers
as more information becomes available. Apportionment shculd be
continuously used as a tool to achieve the system objective.
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CHAPTER 7

STRESS-STRENGTH ANALYSIS

The concept of safety margins (1) has been developed from the
traditional safety factor of the structural design disciplines.
Safety factors in design have long been used with a high degrce
of success based on knowledge evaluated from successful appli-
cations, simple testing, or proofing. They are predominately
empirical in nature and are usually intuitive, based on engineer-
ing judgment. Safety factors are traditionally generous and may
often cause weight and cost penalties which cannot be tolerated.
Safety margins are essentially modified safety factors and are
derived from comparing a distribution of possible loads to a
distribution of possible resistive strengths.

No two things can be identical; they are inherentiv variable to
some degree. The variation in material from lot to lot and from
producer to producer is well known. The variation in loads from
experiment to experiment and between periods or cycles of use can
equally be established. As discussed in Chapter 9, stresses and
loads can be described by distribution functions in which the
frequency of occurrence of stresses or strengths is compared to
the stresses or strengths occurring.

The concept is not limited to the structural field. The general-~
ization of the stress.strength analysis to electric, hydraulic

or mechanical equipment is obvious wherever a (generalized) stress
exceeds the strength of the material +o resist a failure result.
If the stresses and strengths vary in an identifiable fashion, e
the freguency with which failures can bhe expected to occur can

be computed by the stress-strength technique.

1. THE PRINCIPLE OF SAFETY MARGINS

It would be ideal t.» have specifications which would increase
both reliability and performance. We may come closer to achieving
this goal by replacing the principle of rigidly specified safety
factors by the more effective principle of safety margins to take
account of the fact that unreliability is caused not only by low
averages but also by large variations of strength.

Var iations may be large or small, as illustrated in Figure 7-3.
Although components A and B have the same average strength,
ccmponent. B evidently is less consistent than conponent A. It
is, therefore, imperative that the characteristic¢ variation of
stresses and strengths be determined also, by testing sufficient
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samples to failure. The result of such a test-to-failure program
is illustrated in Figure 7-5.

The reader will note that on test number 7 the component is weaker
than the stress to which it will be subjected, and therefore will
fail.

Obviously, scatterbands of stresses and strengths must be separated
by safety margins. Here the question arises how large the safety
margins should be to achieve the reqguired degree of component
reliability.

Before we may discuss this vital question, we must dwell for the
moment on the widespread misconception that reliability may be
judged on the basis of a single failure test.

Figure 7-5 indicates that safety factors fluctuate even more
violently than the stresses and strengths upon which they are
based (compare tests No. 5 and 6). Therefore, relying cn the
test-to-failure data of just one unit is shortsighted and
irresponsible. This is illustrated in Figure 7-6 where the
scatterband of stress data has been replaced by the maximum
stress level, called the "Reliability Boundary".

If only one test were conducted and relied upon, and if the
result complied with the specified minimum safety factor of 1.5,
as illustrated by the dot, (T), the camponent type might be
accepted for mass production an& employment in complex military
equipment. If, however, more units were tested to failure, a
shocking degree of variation, nence unreliability, would be
revealed.

1.1 HJOW TO JUDGE AND INCREASE SAFETY MARGINS

The principle of safety margins is illustrated by the examples
shown in Figure 7-7.

Let us assume that between the average strength and the Relia-
bility Boundary a minimum safety margin of five standard devia-
tions were specified. After having tested a sampl:, say 12 units,
to faiiure we compute the standard deviation and find that the
safety margin is only 2.7 standard deviations (Figure A). Thus,
the safety margin must be increased. We may first try to lower
the severity of the envirommental condition, for example by
providing a shock absorber or by intensifying the cooling of the
component. If neither is practical, the component must be re-
designed. In most instances, this is made easier by the fact that
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the failure tests will have revealed the prevailing modes, or
mechanisms, of failures. Either the average strength may be in-
creased, as shown in Figure B, or the inherent variation reduced,
as in Figure C, whichever app ars most suitable to save weight,
time, or expense.

Components having very large safety margins may be considered
"absolutely’ reliable. They may be placed in the "'good' basket",
thereby freeing us to concentrate on those component types which
still suffer from iow safety margins.

when saving of weight is of prime importance, as in the design of
structural compoments, the concept of safety margins permits
saving weight by keeping the safety margin down tc the specified
minimum of, say five standard deviations. 1In the design of simpi~
structural parts having very small inherent variations of strength,
such as machined pins, the designer may reduce dimensions and
weight to a bare minimum if he can prove, tarough tests to failure
that the specified minimun satety margin of, say five standard
deviations, 1is still available.

Tt thus becomes evident that the principle of satety maruins not
only helps to achieve and rontrol the required "absolute” deqree
of component reliability, but also helps to improve performance
by indicating where dead weljht may be saved. Thus the crucial
antagonism between pertormance nd reliability may be greatly
alleviated.

.2 HOW MANY STANDARD [ EVIATIONS.

The question arises: How many deviations sha
specified? Actually. there 1s no fixed aumber to be specified
tor ali tyves of compoenents, rel
ditions and Jdesign ¢

—
[u—
s
o

© ative to all envirconmental con-
rit-oria for the following reasont  te assure
that a component type will never cause the loss of complox

military egquipment, every conceivable rizk factors, such as un-
certainties cof measurements, ckills, and of war conditions, must
be consi ered. speciiyina and attaining tre minimum continaency
margin is the responsipility of the engineer.

Once a satasfactory degree of design reliability 1s establisdh.ga,
ar4d proved to exist by tests to failure, the guality control
enginecr will take over. He has the responsioility of assurina,
by approved methods of statistical uality control, that during

the manufacturing pracess neither the averayge strength Jdecreases
nor the standard deviation 1ncreases. He must prove this con-




tinuously by testing to failure smrill but adequate production
samples with regard to those environmental conditions which,
during the prototype tests, have shown the need of permanent
control. 1In this manner, the uality control engineer may main-
tain, and even increase, the safety margins established in the
prototype stage.

Zonsidering only the variations in strength (Figure 7-10)com-
pared to a reliability boundary. A limit may be determined,
from the freguency distribution, below which the strength will
be found any given fraction of trials. (The 3 sigma rule. when
the normal distrib *ion applies, is an example of this. The
actual value will be found below 3 standard deviations below the
meain only .00135 of the time). As the figure shows, a contin-
gency margin shculd be provided, in addition to the ccmputed
scatter margin to provide for unverified assumptions. Figure
7-11 provides the complete picture. Stress is controlled to
keep a safety margin between the design minimum {probable)
strenath and the design maximum (probable) stress.

1.3 OVERDESTGN AND RELIABILITY

It 15  ften argued that generous safety margins unavoidably lead
to overdesign, that 1s, to excessive v ight, reduced performance,
high cost, and de=laved schedules. Is this true?

There s the performance fanatic who, by sacrificing reliability,
cconomy and schedules, tries to sgyueere out of Lis desiun the
ultimate deyree ot pertormance, the maximum output
linys to his
ctien,.  In

. There 13
the nnresourceful . apprehensive designer who ¢l

ign, unable ¢ finish and release it for pro
r case, warnings agaiast overdes.an are w

Byt there 1s also the hasty, supertficial desitner whe, pretending
t againgt overdesign, tries toe push a new design into

. 1on, be it mature or immature, light or heav , inexpensive

or expensive, reliable or unreliable.

ani ficantly, advocates of haste and suvcerficrality are the

8 who assert that reliability ma ke improved later. during
procduction and service use, by guality contrel and failure re-
orting. Since this 1s impossibls, they just bring akout the
very consequences of averdes:ign they pretend to battle, namely
excessive weight, reduced performance, high cost and -- as
result or necessary design chanaes -- badly delayed schedules.
worst of all, they bring about posr reliability.
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While warnings against overdesign are oftentimes justified, they
must never be misconstrued as an invitation to neglect the pPrin-
ciple of safety margins. Whenever this is the case, the engineer
must take immediate action, education or otherwise, before a low
reliability barrier becomes chronic and incurable.

2. STRESS AND STRENGTH DISTRIBUTIONS

For the purpose of discussing the concepts of stress-strengti
analysis, we have used a normal distritution in our examples.
The assumption that stresses and strengths are normally distri-
buted is not necessarily valid. 1In using the stress-strength
approach, this assumption is dangerous (much more than in estim-
ating mean time between failures, for example) because the com-
parison is being made well out on tiie tail, in the extreme value
regicn. Other possible distributions, approximating the normal,
suck% as Poisson, Gamma, Weibull, or distributions like the log-
normal, are also eligible candidates. The identification and
testing of distributions is covered in chapter 10. We will
discuss a generalized distribution here to yuide the use of
probability tireory to the establishment of safety margins.

2.1 JOINT DISTRIBUTIONS

If you assume a large number of tests of the strength of a given
manufactured part, each test being run to failure, some relation-
ship between the number failing at any particular value of
strength (or band of values) and the value can be determined.
This is called a frequency distribution or density function
(Figure 7-13). If the exact relationship were known, you could
predict the probability of a randomly selected specimen failing
at a particular value of stress F’. It would be that fraction
of the population, whose strength was equal to or. less than a
stress F'. Similarly, if you conducted an experiment a large
nunker of times, recording the stress on each experiment, a
relationship between the relative frequency (or density) of
stresses and the stress could be established. If the exact re-
lationship were known, you could predict the probability that
on any randomly selected trial (Figure 7-14) the stress would
exceed a strength s’. This would be the fraction of the popula-
tion {of possible trials) in which the stress exceeded the
strength S’. These fractions are, of course, the ratio of the
areas under the curve to the left of F’' or right of S’ to the
total area under each respective curve. If the two curves are
"normalized", that is if the ordinates on the curve are divided
by a ¢ommon factor such that the total area under the curve is
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eopral o to oo, tnen the arcas ande, thie taitls are the probabilitaes
of foilure .

Looking at Figure 7-10, the probability that the strengun will
he § on a particular part is the area under the curve F(s5)dx.

The probability that the stress. F, is egqr=21 to or greater than
the strength, €, on any particular experiment is the area under

the taj!
X
~
!

| F(F)dF
R

The probability that a failure will occur is the probability
that S = x and F > x. This is the product of the individual
probabilities. So thke probability that a failure will occur (Q)

18

Q = .  F(S) |
_—e b's

This eqguation can be solved analytivarly, graphically, by numer-
ical integration or by probabilistic technidues such as "Monte
Carlo" provided the form or shape of the prchability distribu-
tion functions F{5) and F({F} can be determined {chapter 10).

2.2 STRESS-STRENGT " ANALYSIS FOR THE NORMAL DISTRIBUTION

2.2.3 Analvtical Basis: If both distributions are Normal
(gaussian) an wtaiyt cal solution has beén develop=d. vettiing

S be the mean ~ralue f the strength with standard deviation s
and F be the msan value of stress, with f its standard deviation
then the probability distiibutions of $ and F are

5 ( )

1 .
F(S) - —— e ®
V27 8
1 F . F
= ()
) y f
F(F) = L e 2
L2
If we designate D = S8 - F then the reliability (the probability

that & > ) can be Adetermined from the equation D = § - F >0.
F(D) 1s detinea as the ditterence distribution ot F(S) and F(F).
F(D) is also normally distributed (3).
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The reliability is given Ly

= P(D > Q) = ———

2.2.2 Application: The method basically involves the stens
outlined in Figure 7-18 and discussed herewith:

A. Determine Approximate Design: S5ince the method involves
prediction of reliability from geometry of i{he design, a tenta-
tive configuration must be established. As the analysis pro-
gresses, the design is corrected and refined to satisfy the
criteria.

B. Determine Critical Stresses: Sinc. all stresses in a design
do not lead to failure, wo must fiost select and quantify those
stresses that will cause failure 1f Lhey exceed achievable
strength. The word "critical” is used ‘o denote these. The
following steps are involved:

1. Determine the nominal stresses, cach as a function of
loads (normal and shear), temperoture, geoacetry, physical
properties (Poisson's ratio, Young's modulus, shear
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7-19

modulus, thermal expansicn, thermal conductivity) and
time (stress cyclezc vs. lifte).

Determine factors affecting maximum stress such as (5):
(~.) stress concentration factors (b) load factors such

as static, dynamic, impact, shock, and enerqy, (¢} tem-
perature stress factors around critical points, (d) manu-
facturing stress factors such as for machining, grinding,
extruding, and drawing, (e) surface treatment stress
factors such as for shot peening, cold working, and plat-
ing, (f) heat treatment stress factors via distortion,

(g) assembly stress factors such as for ahrink and press
fits, (h) notch sensitivity factors, particularly in
fatigue, (i) environmental stress factors such as surface
corrosion and grcss temperature effects. When these are
appropriately combined with the kasic nominal stress, the
effect, as shown in Figure 7-20, is to estabiish a higher
critical mean stress.

Calculate all critical stress components: First detarmine

wvhich of the stresses, considering the above factors, are
likely to be critical (i.e. approach strength and cause
failure if they do). Tnen for each calculate all thrase
normal and all ‘hree shear stresses, while the sapproprizte
stress factors are applied.

Calculate critical mean stres=es, such as maximum tensile
stress, shear stress, or distortion energy, or the com-51;:
bination of mean and alternating fatigue suiresses. ‘

Determine critical stress distributions for useful life-
time. This can be done by listing all the principal .
application situations, the enviromment for each, the re-
sultant critical stress for each, and the estimated per
cent of lifetime that it will encounter each situation.
Then a normal (or other) density function can be fitted
to the data by regression, and (if normal) the standard
deviation obtained.

C. Determine Material and its Unit Strength. Here much depends

upon the criterion for strength beyond which failure is defined
to have occurred:

1.

Determine all critical unit strength mean values: Select

one or more suitable materials. Then determine (a) direct
sires./utrain criteriz (ultimate strength, yield strength,
or proportional limit, depending upon applicaticn).
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3} shear strermith in tihe same way, (c) distortion energy

—~

[ad

'
\
strenath, and (d) fatigue strength.
2. Determine facturs that affect strength, such as (a) size
and load, {b} manufacturing pr.cesses, {c) heat treatment,
{d) surface treatment, (e) environnent (temperature,
humidity, corrosion, eta.), and (f) time effects (aging.
cold flow, fatigue, and corrosion'. Figure 7-1%9 shows
the general strength reduction due to these factors.

{al

termine actual unit strength means and distributions.

the appropriate strength factors to determine the
mean strength for the application conditicns. Then
determine the distribution for each from thc material
suppliers or testing laboratories, or conduct tests--to-
failure as necessary. Again fit a rormal (or other)
density function to the data by reagression, and {if
normal) obtain the standard deviation.

D. Determire the Required Strengths: Now that we have the
anticipated stresses and the material unit strengths, we can
proceed to determine the Lotal strenaths required for adequate
reliability. But tirst let‘s examine the stress/strength re-
lationship.

If we were to conduct a series of 25 tests of a critical stress
within a given design, they might fall in a "scatterband” as
shown in Figure 7-22. If these stress points are "normally"
distributed, 68% will fall within a band of say f 2 kips each
side of the example mean 12 kips, another 27% will fall within
the next 2-kip bands on each side, another 4% in the next 2-kip
bandz, etc. This is expressed by the area under the standard
density function curve at the right. The "“standard deviation"
ot this normal distribution is f = 2 kips.

Now if we were to conduct a similar series of Lests-to-failure
to get strength of the material, we typically would find the
same shape of curve, but some other value of standard deviation.
For the example it is s = 0.5 xip. And we now see that the mean
values are separated by D = 5 kips.

Now the overlap of the twc curves tells us that if we were to
conduct enough tests, or encounte enough operational situations,
sooner or later we will get a stress point exceeding strength,
and we should have a failure. The probability that this will
not oceur, for normal distributioas, as we have seen
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which is the area under the normal density function, available
in many books (7) to

oo
1}
G
"

)

Extensiong to

can be obtained from references {8) using

ﬁ r i 4
x= /2 andr=1- (l-area/2,

Since R provides an unwieldy string of 9s, it is usually more
convenient to express Unreliability U =1 - R. D is the differ-
ence between mean strength and stress, and s and f are the re-
spective standard deviations. Figure 7-23 gives the resultant
relation of U to (%). with this background we can outline the
procedure:

1. Translate reliability requirement to Reliability Marging
Calculate U from the specified reiiability R = 1 - U. Use

Figure 7-21 to find the required Reliability Margin (%).

2. Calculate mean stress/strengtn variance: Use the standard
deviations s and f obtained from B5 and C2 above, to ocbtain

their mean d = / s° + f-.

3. Calculate the required mean strengths, by adding D = (%)'d
to mean stress. Now we know what strengtih is neeaed
to achieve the required reliability.

. Determine Size and Shape: Now that the material and its unit
strengths have been established, and the required strengths cal-
culated, we can proceed to desijn for adequate size and shape to

‘ww§@yiﬁﬁm




724

@} A=)

e

ot

4
1000°

£

T = NIDHYVIW A LITIGVITAY

8V}

1

11~

- 01
oalu

100° A[

01

01

NIDYH N ALITIGVITTHH

U

™~

Lo/

ALTIAVITIENN

aanjrey o AJ1{1qeqoad

n




a~hieve the reguired strengths:

b

. 3elect or design for the section modulus requircd, using
ztandard section handbooks and established design calcu-
iations.

2. Modify the design and/or the matericls until all Relia-
bility Margins are met.

F. Verify the Design Reliability Margin: Nearly all design
involves many assumptions to avo’d unjustifiable volume of
analysis or test cost. The above approach permits design to
: predictable reliability, but does not insure againcst design
err~rs of assunption, analysis, omission, etc. Verification
is covered in chapter 1l3.

2.2.3 Other Distribution: The preceding approach assumed that
both stress and strength distributions were normally distributed,
that is, could be described by the normal {gzussian) distribution.
Lo mentioned earlier, this is a very dangerous assumption. Where
a distribution can be established, analytical solutions cun be
derived. Reference (5) provides a very useful listing of
references iour special distributions.

The computation of the difference functions and the determina-
tions of reliability have been analytically established for the
log normal (4), Gamma (5) and Weibull (6) distributions. Refer-
ence 5 also suggests alternatives such as conformal mapping or
numerical or graphical integration for nbtaining solutions in
special cases.

2.2.4 Stress/strength testing: When distribution data is not
obtainable for the above analytical approach, yet the design
reliability is a critical matter, it may be necessary to conduct
experimental tests. Tests to determine stress dictributior in a
prototype are fairly straighttorward and non-destructive, using
instrumentation such as strain gayes, plastic models ané¢ polar-
ized light, etc. To the extent that such tests can simulate the
manufactur ing variances, operational environment, external
stresses, and time evffects, the results can be quite dcpendable.

Buc tests of _trength distribution are much more difficult, ex-
pensive, and time consuming. If the Jdesign engineer can identify
specific local areas uwf critical doubt, a series of comparatively
sirple tests can be designed, wherein stress is repeatedly in-
creased until failure occurs, providing a rough strength distri-
buticn curve for thre local aren. On the other hand it may be

\%
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more convincing, if not more economical to test an entire proto-
type in the same maancy, so that all interactions are accounted
for . repaiving fairlures cach timoe they occur. ©Of course as
streniyth inadedguacies are thus bhreught to light, the design is
changed o get required str ngth.

Such stress/strength testing should not he confused with simple
"overstress"” testing, which determines only that the design dces
not fail at some specified stress above the operational level.
Over-stress testing does not generally determine strength.

3. APPLICATIONS

The use of the "safety margin" apprroach is an improvement over
the "safety farctors” approach in that it provides an analytical
metnod of evaluating the risk that an overstress or understrength
condition will exist. Instead of a pyramid cf safety factors
imposed by each area providing the "worst case" value, the pro-
bakility ~f failure is evaluated on the distribu.ion of values.
Figure 7-26 1illustrates the comparison. The strength of material
is quoted at the -3+~ value, the computation of stresses is made
at the mean valus, the safety factor used is 5. By evaluation
of the distributions *he safety factor could very realistically
have beern set at 3.

The analysis attempts to evaluate the probability of finding a
value of stress much larger than (or strength much less than) the
nominal value. Where this probability is high, the safety margin
must be grcat, where the probability is low, a small margin will
suffice. Where this probability is not capable of estimation,
approximations must be used and a contingency factor based on the
objective knowledge obtained from testing or analysis appli- ..

The purposes f safety margin analysis is to improve the com-
petitive positin of the design; that is, to find the optimum
comparison ot stress and strength that will (a) have an accep-
table probability of success and (b) comp e favorably with
Gther copetr iints such as weight, cost, availability of material.
My favio-ite example is the assumption made years ~qg¢ that brick
and mortar coula stand a tensile load. Tests confirmed this and
using a tensile stress loading in the dgsign of large furnace
chimneys of one pound per sguare foot, the industry was revolu-
tionized by the appearance of tall, skinnv (to them) chimneys.

Recognizing that while in most shipbuildina material the standard
deviations of strength, with the usnal manufacturing cci- el and
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inspection, is negligibl+s in compariscn to the yield and ultimate
strengths, the stresses imposed by dynamic loading may be highly
probabilistic in nature. There were a numkber of Jeep aircraft
carrier that suffered damage to their f{iight decks during the
war due to heading into seas during hurricane force storms.
Censideration was given to greatly strengthening the structural
support. A decision was made (in the CNO as recommended by the
Bureau) that the probability that the situation would need to
occur, that carriers would need to recover aircratft in a
hurricane, was small enough to make the (then) present design
acceptable. Fleet and Task Group commanders were informed of
the limitation on the ships capability and told to avcid the
situation.

The selection of the appropriate working stress, for com-
petitive aesign, snoulc consiaer tne nominal maximum loading
anticipated but should also consider the distribution of locadings
which may cause stresses in cxcess of this wvalue (as probability
that a ship must proceed on a particular coursc with relaticn to
a hurricane). The strength computation shcould be based on an
acceptable vaiue of risk, as opposed to a nominal stress value
hoping the safety {factor is adequate t.o prevent failure when
the extreme occurs.

Use of the stress-strength approac., provides the engineer with
one more analytical tool to assist in reaching decisions in the
process of design and development of systems.

1. Reliability throvah Safety Margins, Robert Lusser, October
1958, (Astia - pD212-476).

2. Study of Maintenance Cost Optimization and Reliability of
Shipboard Equipment, by I. Bazovsky, N. MacFarlane, and R.
wunderman, Report on Contract NONR 37400(00) (FBM) (Astia
ADZ2B3-429).

3. Statistical Theory with ¥nginecring Applications, by A. Hald;
John Wiley and sons, New Yord

4. Introduction to Statistical Inference, by E. S. Keeping,
D. Van Nostrand Company, Princeton, New Jersey.

5. Designing a Specified Retiability Directly into a Component,
by D. Kececiovglu and D. Cormier, June 1364, SAE-ASME-AIAA,
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Acrospace Reliability and Maintainability Conrerence Pro-
cecdings, Society of Autometive Enginecrs, 485 Lexington
Avenue, New York, New York.

6. Engineering Applicaticns of Reliability by C. Kipson,
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. Reliability Principles and Practices, by S. R. Calabro:
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Chapter 8

MAINTAINABILITY

Maintainability concepts are being emphasized in all services of
the Devartment of Defense because of the high costs associated
with maintaining equipment operational. Three closely assoc-
iated problems have increased maintenar.ce costs within thc Navy,
Following World War II came a tremendcus increase in complexity
of ships eguipment. And ships became rcre specialized. This was
accempanied by an increase in the turnover of personnel. Aas the
ejuipment hecame more difficult tc maintain, the capabilities of
the maintenance personnel fell behind: they were less able to
cope wiih the proklems. The approach being taken by the services
is tc increase the maintaina. lity of systems.

Maintainability is the speed or economy with which 2 sys~-em or
component can be kept in, andfor restored to, full per formance
capahility. A principaily-used measure is the average number of
failures restored per hour of Corrective Maintenance time, which
is the reciprocal of MTTk. .noti :r is the fraction of attempts
wherein restoration is completed in a specified time, or the pro-
bability that i+ will be compl~ted in that time. Ancther is the
operational time per deollar cost ot preventive and corrective
maintenance.

The ohjectives uf a maintainability program include the yperfection
of the design to assure that maintenance actins can be accomplish-
ed in minimum time, with minimum effort but with maximum safety.

By the above definition, we find ourselves concerned with four
areas of enquiry:

{(a) The capabilities and characteristics {(both mental and
physical) of the people who maintain and operate the
system,

() The design of equipment suited to the characteristics of
such people,

(¢) The quancification of requirements, prediction, and
ver D fication to contrel the achievement of maintain-
ability and assure ourselves that the system meets our
needs, and

(1)  7The management control of maintenance resources.




Maintainability is often confused with maintenance. The achicve-
ment of maintainability is a design functicn, but maintenance s
a consequence of design and use. There are two other similar

terms that can be confusing; maintainability analysis and main-
tenance analysis. The design functicn that analyzes eguipment
and systems to determine what operation and maintenance actions
are required tc keep equipment or systems operating dces maln-
tainability analysis. Analysis of maintenrance tasks to determine
the resources required to dc the work is maintenance analysis.
Resources again mean men, money, material, facilities, time and
morale.

One military specification (5) has the following requirements for
maintainalility analysis zrd maintenance analysis.

“Maintainability Analysis. A maintainability engineering
analysis of the system shall be accomplished concurrently
with the design effort. This analysis shall provide a
definition of maintainability desicn features to be in-
corporated in the hardware. This analysis shall pe used

to evaluate the degree cf achievement of the maintainability
design goals, including inherent mean and maximum down time,
the logistic and personnel subsystems decisions related to
gupport cost of the system versus design and suppoert alter-
natives. The primary inputs into the maintainabiiity analy-
sis will be data obtained from design engineering reports,
data and studies prepared by the contractor, and the regyuire-
ments furnished by the procuring agency.”

"Maintenance Analysis. The contractor shall conduct a detail-
ed determination of hardware maintenance tasks, tocols and test
eguipment, and spares line item identification. This is a
portion of the over-all system analysis and provides feedback
to the maintainability analysis.”

It is obviocus that the two types of analysis cover the same
ground. The designer must, in his design foresee the maintenance
tasks that will he required to maintain and operate the equipment
if he i1s to incorporate features into tue design to improve the
ease and economy of repair or maintenance. For optimization of
the maintainability of the design includes design for minimum
support reguirerents as well as access and simplicity of required
operatisns. To achieve this will raquire a rather detailed task
analysis which will be partially duplicated by the subsequont
maintenance analysis. Reasonable efficiency requires that the
twc € forts be married from the concept ot the design not only
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to reduce duplicaticn of effort, but to prevent different main-
tenance concepts from being developed, as will usually occur
unless thz two are coordirated.

Accepting that the perfect machine - one designed to perform its
functicn whenever called upcen and never %o have a failure - has
yet to be designed, we realize we must accept somesthing not cuite
perfect. But how much less than perfect? The answer must be
based on the functiocon the system is required to perform.

There are two primary roads we can follow. We can spend every
dolliar we can afford to make the system reliable - to reduce the
the incidence of failures so that it wimost never needs to be
repaired. Or we can permit the system to fail, as often as it
needs to, spending our money in the design to make it almost
instantly restorable. This second approach is called maintain-
ability. As might be expected, the best and most economical
approach is usually somewhere between these extremes.

Lets take an example. The f{functional requirements in terms of
consistency of performance are different for the refrigerators

on a freighter than for the steering engines of the same ship.

The consequences of failure in the steering engines are immediate
- lack of control, usually with the rudder hard over. Collision
or grounding are predictable consequences. The refrigerator, on
the other hand, can maintain a low temperature for a considerable
time. Ultimately spoilage and lcgistic problems may result if not
repaired soon enough, but immediate consequences are ncot foreseen.

In the case of the steering engine, we demand high reliability,

a very low faiiure rate. To achieve this we prcvide duplicate
systems so that, should one fail, the other can be used. For the
refrigerator, nc such instantaneous replacement is required. We
rather require that the eguipment bhe operable a high percentage
of the time, with no =xtemely long down times. This latter
characteristic we define as waiutainability.

1. AVATILABRILITY

1.1 INHERENT AVAILABILITY

The point of comparison between reliability and maintainability

as a design approach is called Availability. Availability is

the fraction of the total desired operating time that the system
w component i1s operable (chapter 27). For prediction

purposes it is also the probabilii.y that a system or equipment

is operating satisfactorily at any point in time when used under

stated conditions (l). We might consider a system such as the
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evaporators on board ship. The requirement for operation depends
on the storage capacity and usage of fresh water. At any point
in time the evaporators may be operating. If they are not,
several possible reasons may account for their shutdown:

{(a) Wa*ter tanks are full;

(b) Inadequate auxiliary exhaust steam makes their use un-
economi.cal;

{c) Polluted harbor water makes operation undesirable:
(d) Evaporators are down for maintenance;
{e) Evaporators are down for repair.

Considering only the last reason, Figure -6 provides a pictorial
explanation of Inherent Availability, Aj-.

Inherent Availability (4) is the fraction of total time that a
system or equipment, when used under stated conditions in an ideal
supply envivonment, is capable of operation. Inherent Avail-
ability excludes time down except for the time necessary tc diag-
nose the trouble, repair the fault, test out and restart the
equipment .

The two components of Inherent Availability are Reliability and
Maintainability. Reliability can be measured in terms of Mean

Time Between Failures (MTBF). Maintainability is measured in

terms of Mean Time to Restore (MTTR). Restoration is used in
preference to repair since restoration ic used in the sense cf
returning the system to operation by using replacements or possi-
bly by switching on redundant elements, where repair may include
welding a crack, or depot or factory repair of replaced modules
subsequent to their removal. The measure, MTTR, is defined as

the statistical mean of the distribution of times to restore. The
summation of active restoration times during a given period of time
divided by the total number of failures during the same time interval.

On the average, the equipmeut will operate a time equal to the
MTBF before failure. On the average the ~quipment will be restored
to operatirg condition in a time equal to the MTTR. The average
time during which the equipment may be considered available is

the fraction of the total time represented by the equation:

A = MTBF
1 © MTBF + MTTR

’, i e A
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1.2 OPERATIONAL AVAILABILITY

As pointed out earlier, it may not be possible to operate the
equipment this fraction of the time. Most cguipmenis redquire
some down time for routine {scheduled) maintenance. Lack of
spare parts or lack of manpower may delay the restoration action.
Or administrative reasons may require the equipment to be shut

down. The following terms are applied to non-operating time (4)

. {a} powntime: That portion of calendar time during
'3 whirch the item is not in condition to per form
its intended function.

(b) Preventive Maintenance Time: The maintenance time to
retain an item in satisfactory operational condition by
providing systematic inspection, detection, and preven-
tion of incipient failure. It is made up of per form-
ance measurement, care of mechanical wearout items,
front panel adjustment, calibration and alignment,
c¢leaning, etc.

(¢) Corrective Maintenance Time: The time that begins waith
the cbhservance of a malfunction of an item and ends when
the item is restored to a satisfactory operating con-
dition. It may be subdivided into Active Maintenance
Time and Non-Active Maintenance Time.

{d) Active Restoration Time: The Corrective Maintenance
Time during which work is actually being done. It in-
cludes detection, diagnosis, preparation, replacement
or repair, adjustment, checkout, and reload time to the
extent each is necessary.

(#) Active Maintenance Time: The time during which prever.-
tive and corrective maintenance work is actually being
done on the item.

{f) Non-Active Maintenance Downtime: The time during which

no maintenance is bcing accomplished on the item
because of either supply or administrative reasons.

RN




(9) Administrative Time: That portion of Non-active Main-
tenance Time that is not included in Supply Time.

(h) Supply Time: That portion of Non-Active Maintenance
Time during which maintenance is delayed solely because
a needed item is not immediately available.

(1) Inactive Time: The period of time when the item is
available, but is neither needed ncr operating for its
intended use.

The term, Operational Availability (A,), is used to describe that
fraction of the total time that the system, when used under stated
conditions in an actual supply environment, will operate satis-

factorily when required. Supply time and Administrative time
are included.

2. REQUIREMENTS

2.1 BASIC APPROACHES

CPNAVINST 3910.4Aa outlines how thc Navy prepares Technical Devel-
opment Flan Summaries. Enclosure 1 to the instruction defines the
information to be included in sections of the summary. Sections
10 through 13 require information pertaining to maintainability.
The four sections are titled:

Section 10 Dependability Plan

Section 11 Operability and Supportability Plan
Section 12 Test and Evaluation Plan

Section 13 Personnel and Training

The Dependability Plan of Section 10 sets up Availability and
Operatiocnal Readiness Goals. Quantitative Reliability and Main-
tainability goals (MTBF and MTTR) can be set up from the avail-
ability and readiness goals. At the start of a project or in the
project Definitior Phase, only gross statements can be made for
maintainability. Like system analysis, maintainability analysis
is an iterative process which gets progressively refined 1s a
proiect progresses.

e

e e ——n.
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A. the end of a Project Definition Phase the following should be
established for Maintainability Assurance:

(a) A maintenance philoc~nhy is described tor the system to
provide essential data for the Supportabilicy fiaan and the Person-
nel Training Plan. The maintenance philcsophy will develop:

(1) Echelons or levels of mainienance, inciuding maintenance
tasks and skills for each level.

(2) Planned use of built-in maintenaice aids such as self-
test features, malfunction indicators, specialized or standard
test equipment, etc.

(3) Plianned use of job aids such as trcubleshooting logic
charts, system technical manuals, audic-visual presentation
of maintenance tasks, etc.

(4) Other design features which may affect smrare parts and
repairs such as use of standard circuits from specific hand-
bocks, disposable modules, etc.

(5) Unigue knowledge of sXkills required by the system.

(6) Equipment utilization or operational cycle.

(7) Maintenance environment.

(8 Maintenance faci.ities.

{b} Applicable MIL specifications are defined.

(¢) wJuantification of Maintainability, i.e., development and
application of numerical measures of maintainability.

{1} Mean Time to Restore {(MTTR)
{(2) Maximum Time to Restore {(MAXTR)
{3} Other

(d) Maintainability apportionment and prediction. This invclves
the allocation of over-all system ineasures of maintainability to
a:l major lower-order elements of the system, with special regard
for maintenance tasks, times and test eyuipment required at the
various echelons invelved. It alsc inciudes data concerning the
extent, schedule, design, influence, etc. o©of prediction in the
over-all plan for Maintainability assurance.
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(e) Maintenance tasks and gkill analysis.

(f) Maintainability design reviews.

(g) Test and demonstration.

(h) Maintenance data collection, feedback and analysis.

The maintainability assurance plan will vary in complexitv with
the size of the project and careful evaluation has tc¢ he made cf
the Jvenefits to be received from the expenditures to be made.

A proposed DOD instruction titled "Development of the Weapon
S$ystem or Equipment Integrate?® Support Package," defines the role
of the material manager in and the minimum reguirements for the
systematic and orderly development of the weapon system or edquip-
ment integrated support package.”

The elements of an Integrated Support Package are:

1. Planned Maintenrance

2. Logistics Personnel Subsystem

3. Logistics Data

4. Support Equipment

S. Spares and Rc¢pair Parts

6. Facilities

7. Contractor Support
It can be seer that the elements of an Integrated Support Package
are closely aligned to the Maintainability Assurance portion of

the Dependability Plan cutlined in OPNAVINST 3910.4A.

2.2 SPECIFICATIONS

All of the services are 1mplementing the DOD directive and ins-
tructicns with specifications and handbooks on maintainability.
MIL M 23313 (SHIPSY(2) Outlines a comprehensive program for
maintainability of electronic egulpment. For maintainability
design guides, it refers to Navy Publication NAVSHIPS 94324.
The speclfication covers maintainability during design and pro-
duction. It covers maintainaoility prediction during the pre-
liminary desiyn stage. Maintainability reguirements are noted
for the final desian stage, preproduction stage and during pro-
duction. Equipment Repair Time (ERT) 1is used as the measure of
maintain-bility.

The Appendix to specification MIL M 23313(S6H1tS) covers "Main-




tainability Design Evaluation Procedures” in detail. It is speci-
ficaliy slanted at electronic equipment and excludes mechanical
hardware from the evaluation procedures. Although the title of
the Appendix does not indicate 1t, meintainability prediction
techniques are given for the early and late development stages of
design.

3. CUBNTIFICATION OF MAINTAINABILITY

2.1 RELIABILITY-MAINTAINABILITY TRADE-OFFS

The gelection of the design approach, whether to use reliability
or maintainability approaches to achieve the required availabil-
ity, 1s based on the functional regquirements for the system.
Reference (6) provides useful techniques in the development of
reliability-maintainability trade-coffs. In making the choice,
the following factors should be kept in mind.

(a) Even highly reliable systeus will have some failures.
when high reliability during short time intervals 1in required,
as in the steering engines, high availability achieved through
reducing the MTTR may not be pertinent, unless the restoration
1s practically instancaneous.

(b) An improvement in reliability by quality improvement
(simpler design, parts and manufacturing process control, etc.)
will reduce the costs attributable to repairs. An improvement
in reliability through use of duplicate edquipments, each of
lower reliability will increase the costs of maintenance and
repailr.

(¢) Equipments with low MTTR achieved by modular design, bhave
a teadency to increase the cost of repair. Wwhen the low MTTR
is achieved by planning for main..onance and repair in the
design phase, costs of repair tend to go down.

Reliability and Maintainability in desi1an must ke traded-cff =o
achieve a system or equipment design which will:

{a) tatisfy a specified availability goal.
(b} Satisfy desiun an’' missicn constraints.

{c} Result in desian optimization with respect to cost, per-
formance and schedule.




Satisfaction of the mission gcal -- achievement of a given level

of availability -- 1s determined by the system/equipment MTTR and
MTBF. MTTR is generally determined to a large degree by (a) the
prime equipment and associated test equipment designs as they re-
‘ate to the "on-line test approach”, and (b) the packagirg design
as ‘t relates to the time required to find, remove and replace a
failed element -~ principally correlated with the "Functional
level" of the replaceable element and thus with the extent of the
troubleshooting task leading to correction. MTBF is primarily
determined by the approach taken toward improving the reliability
of the total population of parts in satisfying the mission per-
formance requirement.

In order to proceed deeper into thes~ *trade-offs it is necessary
to define the various levels of performance or otcrational mcdes
for the system. For a surface ship, ¢ne of those might be the
"search” mode for which we “ave a specified operaticnal! availabil-
ity of 0.90., Next, we must describe all the eguipment, personnel,
and facilities required to support the search mode. Essentially
it means 3oing thrcugh the system logic for each concept under
study and using the system mcdel (discussed in Chapter 3) to de-
velop a failure effects analysis at the functicnal level. Since
functions relate to hardware, the following maintainability char-
icteristics can be determir~d: a} feasibility of performing
maintenance, b) necessity for "designing in” ease 0f maintenance,
¢) surporting hardware such as tcols, test eguipment, checkout
gear required, and d) vorsonnel required for maintanance and their
akxill levels. The abhove analysis must be per formed in parallel
with reliability analysis 1n order to allocate availability to

the end item. Even highly reliable systems may have an unaccep-
table level of Availability if a failure requiros an excessive
amount of time to return to satistactory operation.

The top level availability requirement can be apportioned aronyg
the end items required fcr the gearch mode usina standard relia-
bility apporticnment techntigues discussed in Chapter 6. The Fal-
lure Effects Analvsis 1s an ald in performing this. A hypethetical
apporticnment 1€ shown in Figure #-13., Further discussion of the
example will concentiate on the SONAK and "LECTRONICS end 1tem
for which the assessod Availability goal is 958, We are now
faced with the task »nf optimizing the balance botween the Relia-
bility parameter (MTBF) and the Maintainability parameter (MTTR).
Obviously there are a number cf trade-offs as shown in Figure
8-14, which carn :chieve the Avdilability regquirement with an MTTR
constraint of .12 days downtime failure (2.88 hrs.).

Now that certain constraints have been placed on the hypothet:cal
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subsystenm,

a Maintenance Policy Study is conducted in corder to

determine what values cf MTBF and MTTR seem to be reascnabile.

Concurrently, reliability analysis determi-es what particular

values of MTBF seem reascrable in light of prcjected state-of-
the-art, developmeni tvost requirements, costs, etc.

Items which are inc’uded in the maintenance policy study are:

{a) Maintenance Policy Study

1.
2.
3.
4

Appropriate echelon for repair
Module size determination
Repair versus discard decisions
Tegt and checkout philosophy
Degree of Lutomation
Inspection interval
Special test ecuipment
Preventive maintenance schedule
Role of man in system
Classification/ functions
TaskX definitions
Safety Requirements
Appropriate Provisioning Policy

(b) Technician Redquirements

lﬂ

3.

Selection
Education
Experience
Aptitudes
Motivation
Training
Task analysis
Procedures
Equipment
Programmed learning
Validation of Proficiency
Experimentation
Man/system compatibility
Capabilities analysis

{c) Time Requirements for Corrective Maintenance

Localization time
Tcolation time
Disassembly time
Interchange time




Reassembly time

Alignment time

. Checkout time

. Deqg»adntion fauctor. [lur operational use.

@~ :

The interrelationship of these items for Maintainability is such
that a change in one will affect ancther in terms cof: a) the
duration of sstem failure, k) the duration of caomponent failure,

The elements are compared in a systems evaluation model to deter-
mine the effect of the downtime of a system on availability rela-
tive to ¢osts. Costs can be taken into account by determining
manhours reguired, additional facilities and trade-offs between
costs of items in the supply pipeline versus item downtime.

With the esatablishment of the Mzintenance policy, large scale
decision-making and trade-offs are essentially crmplete. Avail-
ability, maxinmum and mean allowable downtime, and minimum accep-
table reliability have been assessed to the end item level and
guantified for insertion intc the systawm specificiticens. Should
z decision be made to proceed with pure ha:dware developmenc,
these will become design requirements. KNote that there is still
some latitutde remaining for design in that increased reliability
can be substituted for decreased maintainability at the black

box level.

In dealing with the derivatiam of Maintainability requirements the
man/machine interface must continvally be evaluated. In shipboard
practice, the operator is seldom the maintenance technician and in
this secticn the difference should be distinguiahed. First, we
are concerned with the operator and his role in system availabil-
ity. His role, that of failure detection and partial diagnosis,
1s like that of a computer with many feedback lcops. His motor
respense {(see Figure 8-17) is a result of how well the machine

. can tell him its status during normal operation and its troubles

7~ when failure occurs.

e Figure 8-17 also applies to the maintenance technician. That is,
N there are many alternate modes in which he receives information
during the process of system restoration (i.e., correction and
‘ verification). However, no matter how well a design is optimized
o for man's sensing and cognitive process, the total job of main-
ey tenance cannot be performed until the physical conatraints such
a aa space, and weight have been overccme for him to produce this
T "motor response.”
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3.2

ACHIEVEMENT OF MAINTAINABILITY

All we have done so far is to define *L.¢ svstem, its operation
and its design requirements. The process of detail design now
gets underway and it becomes Management's job tc assure that

specific maintainability recJuirements are being met. The road-
block to maintainability assurarce lies in getting the designer
to work with the tools of Maintainability. He must be infermed

as to what items he must consider when designing equipment. It
is at this point that manuals

{7 and 8) become a great help.

Achievement of mziutainability requires an integration of the
maintainahiiity tasks into the design cycle. Ii; each step, the
maintainability engineer is supporting the designer in his effort.

The phasing of this support and its integration into the program
are indicated in Figure 8-19.

Design toward required maintain-
ability requires most of the program aspects already discussed

for reliability. Certainly training and indoctrination of those

who will ultimately influence the final product (designers, pro- »
duction, etc.) is as important here as in reliability achievement. &
Day to day liaison with the desianer will provide the same rewards,
understanding and acceptance of the discipline. Participation in

Design reviews from concept to final drawing release provides a

medium for training and development of understanding in the design

areas. As with reliability, unless the designer has a comprehen-

sible (to him) goal and understands (or can be taught) the prin-

ciples that will enable him to achieve it, the effort of trying

to make the equipment mcet a maintainability reguirement is

fruitless. A maintainability program commences during the pro-

posal/precontract study phase and continues through design, de-
velopment, fabrication, testing,
customer.

and delivery of equipment to the
Major program tasks include the accomplishment of:

Design Analysis (Liaison) -- the systematic approach whereby
maintainability requirements are achieved effectively and
economically in the initial equipment design.

Maintainability Analvsis -- a continuing review of the de-

sign to determine the degree of maintainability requirements
incorporated in equipment design.

Maintainability Demonstration -- a final hardware verification

of the actual degree of maintainability reguirements incor-
porated in equipment design.

One facet of achievement of maintainability is the establishm - nts
of these requirements and their use as a design control tool as
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presently specified in MIL M 23313(2).

In the design to achieve a specified maintainability requirement,
Appendix to reference (2) describes maintainability prediction by
the task analysis approach specified for electronic systems. The
requirement is specified as an equipment repair time (ERT). The
specification requirement is derived from the egquation:

ERT (specified) = 0.37 ERT
max

ERTpax is the maximum value of ERT that should be accepted no

more than 10% of the time. The factor 0.37 results from the dis-
tribution assumed and assures a consumers risk of 10% when applied
as specified.

Maintainability prediction can be initiated in the early develop-
ment stage, when at least the following have been established:

(a) The planred packaging arrangement to the extent that a
functional level breakdown into the various equipments, groups,
assemblies, and subassemblies can be determined.

(b) The planned diagnostic procedure to the extent that the
general levels of localization and isolation can be determined.

(¢) The planned replacement method to the extent that the
general method of failure correction can be determined; that
is, whether individual parts, subassemblies, asszemblies, or
units will be replaced in making repairs.

(d) The approximate quantity of various categories of high
failure parts such as tubes and relays to be included at each
equipment subdivision.

i€) The level at which normal equipment operation will be
confirmed foll-wing a repair.

The first step in the procedure is to determine the functional

level breakdown of the eguipment or system. This is done by

dividing the equipment or system into its various physical subdiv-

isions beginning with the highest subdivision and continuing down

to the items such as parts, subassemblies, assemblies or units

that will be replaced in corrective maintenance. The functional

level breakdown is most easily established and certain determina-

tions required during the prediction are more easily made if a *

functional level diacram similar to that shwon in Figure 8-21 is b

prepared. Here, a hypothetical electronic equipment is subdivided

Ayt B

e
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into its various groups units, assemblies, etc., down to the

item that will be replaced during corrective maintenance. Fach
block within the diagram indicates all items having the same main-
maintainability features. For exarple units repaired by replacing
individual parts with localization to the unit level, isolation

to the stage level, and t~st at the group level have been combined
and represented hy the “Units" block labeled (a) in the left hand
branch of Figure 8-21. PBach branch of the diagram is terminated
with a circle which indicates the type of item that will be re-
placed to corroct malfunctions existing in that branch. The con-
necting lines indicate maintainability relations and not electrical
or operational connections. In preparing such a diagram care

must be exercised in establishing the appropriate functional

levels for the various subdivisicns, especially where an item may
have a nomenclature that includes the name of one ¢f the functiocnal
levels {(for example, "Power Amplifier Assembly”). 1In some instances,
the functional level location of an item may not be the same as

its nomenclature indicates.

aAfter ihe functional level breakdown has been established and the
functional level diagram prepared, the functional levels at which
localization, isolation, access, and *est features are applicabhle
should be determined based on *he overall characteristics of the
design. The functional levels at which features for localization,
isolation, and test are effective for each replaceable item can

be indicated on the functicnal level diagram .s sho~n by the
symbols. The access functional level can be determined directly
from the functional level dragram as indicated in (c) below, there-
fore, a symbol identifying it is not regquirved. The functional
level at which each of these features is eiffective is determined
and shown in the functional level diagram gz follows:

(a) Localization. - The functional level to which a failure
can be located without using accessory test eguipment is
indicated by L,

(b) Isolation. - The furctional level to which a failure can
be located using accessory test equipment at designed test
points is indicated by I.

(c} Access. - The access functional level for a replaceable
item is that level to which dimassemkly must be accomplished
in order to gain access to the item that is t0O be rv-~
placed, and from which reassembly must be accomplished
aftec replacement of the item. This can be determined
directly from the functional level diagram as the func-
tional level of the first rectanguler block above the
replaceable item. For example, to replace a part in the




left hand "Units" tlock, access must be galned to the
unit level, and to replace a subassembly, access must be
gainel to the assembly level.

Test. - The highest functional level at which restoration
to normal service can be veritied using s«lf-test features
or other testing facilities is indicated by T.

The actual prediction is perf{ormed in accordance with the follow-
ing instructions.

(a)

Calculating Repair Times (Rp}. - The repair t.me (Ry) 1is
calculated for each category of replaceable item ingicated
by a circle in the functional level diagram. It is the
sum of the maintenance task time intervals determined

from Figure 8-24 in the following manner.

bt

. Localization. - The localization time interval is
determined by entering the chart using the column
headed by the type of item that will be repiaced
(indicated by a circle in the functicuocl level dia-
gram) and continuing Jdown this column *o the row
with the "Localization” column is the valae to be
used. It the replacement items under consideration
are individually replaced parts use the value under
"W"' since wired in parts normally out number ¢lug-in

subassemblies, assemblies or units, use the value

under “P".
2. Isolation. - The isolation time interval is detormined
in the same manner as tne locallization time interval
except that the row for entering the "isolation”
column 1s Jdetermined by the functional level to which
isalation features are cifective. This would be the
level marked with T in the agproepriate branch ot
the functional level diagram, The value indicated at
the 1ntersection of this vow with the “isolation”
column 18 the value to be used.

wva

—

~

1. Ac¢cess. - The accoess time inte

‘

r }

ertering the chart using column 1 (headed "Part”)
and continuing Jdown to the row dosiainated by the
functional level t